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GEOPHYSICS, ASTRONOMY AND SPACE

MAIN PROBLEMS OF SPACE WALKING BY MAN

Moscow NA ORBITE VNE KORABLYA in Russian 1977 signed to press 12 Sep 77
pp 5-44

([Section 1 from the book "Na orbite vne korablya" by Yu. N. Glazkov, L. S.
Khachatur'yants and Ye. V. Khrunov, Izdatel'stvo Znaniye, 100,000 copies,
176 pages]

[Text] The experience of manned space flights in the USSR and the United
States convincingly demonstrates that man on board a manned spacecraft (PKK)
or a manned orbital station (POS) is one of the main elements which ensure
effective completion of the flight program. The required hardware, high
professional training and extensive capabilities in control of the spacecraft
systems permit the cosmonaut to actively affeoct the course of the flight.

For example, during the flight of the Mercury MA-9 PKK, a failure occurred

in the automatic device which determines the sequence of instructions during
reentry. The ground services and the astronaut managed to effect reentry

by using manual control. This is not a singular case. Failures in the on-
board equipment of other PKK have also occurred. Due to the active operations
of the crew, the flights of the Voskhod-2, Gemini-8 and Apollo-13 PKK were
completed successfully.

A space walk by man was necessary in some flights for successful completion
of the planned program. FPor example, the spacecraft had to be unpressurized
and work had to be carried out in pressure suits to correct maifunctions in
the docking mechanism of the Apollo transport spacecraft during the first
expedition of the Skylab POS. The repair operations were carried out and
docking was successful. An emergency situation of the Skylab POS after orbi-
tal injection was also eliminated due to the operations of the crews in open
space.

Thus, the flights of Soviet cosmonauts and American astronauts showed that
man can perform maintenance, assembly, repair and transport of cargo beyond
pressurized compartments directly in outer space. Therefore, the problem
of future research in space is closely related to operations beyond the
pressurized compartments of PKK and POS. Specifically, operations outside
the spacecraft will comprise a significant fraction of the total work of

1
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cosmonauts during flights of the multiuse transport spacecraft (MTKK)., The
nunber and duration of space walks, pressure suit requirements and require-
ments on the life support and other systems were determined according to the
MTKK program.

Approximately 1,073 space flights are planned during the period 1979-1990.
These include:

space stations of the Spacelab type 56
large space observatories 36
modular stations 46
automatic satellites and stations of NASA* 147
miscellaneous satellites (television, communications and

S0 on) 224
satellites of other agencies 305
assembly in orbit 259

Completion of this program can be provided by 597 flights of MTKK with aif-
ferent payload. The following main tasks of human activity in open space
are planned during this:

- 1. Operation of large space telescopes (replacement of mirror modules, re-
moval of contamination from the instruments, moving solar panels and so on).

2. Maintenance of spaca.laboratories to study the earth's natural resources
(assembly of parabolic antennas 9 m in diameter; installation of £ilm cassettes
and so on). - [

3. Putting the onboard systems into working condition (connecting electrical

and hydraulic plugs and main lines, transport and attaching of solar panels

and antennas, removing protective devices used during orbital injection and
. so.on),

4. Inspection, debugging and repair of the external devices of orbital objects
(hatches, mechanisms for opening optical sensors).

5. Scientific research and so on.

Thus, the problems have been postulated. It is no less important to determine
the necessary number of space walks and their frequency. For example, main-
tenance of the Spacelab units may require 118 space walks to complete the
tasks enumerated above under Nos. 2, 3 and 5. But 788 space walks are required
to carry out all the tasks of maintaining space objects in orbit. The distri-
bution of the number of walks outside the spacecraft, which are planned before-
hand for a single flight, is shown in Figure 1. Figure 2 demonstrates the
duration of one space walk, calculated for completion of operations by a single
person.

*NASA -- National Aeronautics and Space Administration (United States).

2

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

(1)

S~ Dy O
T D

OTKpoITONM KOCMHOCE HA NOeT

o
.

t/) 40 o & 0
% oplurarvwx nonarod (4)

Figure 1. Distribution of Number of Planned and Potentially
Possible Space Walks Per Flight
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Figure 2. Duration of Oparations in Open Space, Calculated for
Completion of Operations by a Single Cosmonaut

KEY: 1. Hours

Which hardware can support planned and unforeseen operations? If was decided
to conduct the space walk by the airlock method, using the airlock chamber
(ShK). The length of the airlock chamber was selected at 3 m and the length
of the tether was selected on the order of 21 m. This length permits one to
- complete 95 percent of all types of operations. The results of investigations
and tests and, specifically, study of the proposed travel routes of the cos-
monauts convinced us that it is feasible to recruit two crew members for
operations outside the PKK. The total number of cosmonauts: 20 (commander
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and pilot) and 40 (payload specialists), was first determined to complete 788
space walks during 597 flights.

It was established during simulation of the cosmonaut's activity in open
space that the upper part of the pressure suit is the most mobile (207,000
cycles during a simulated l2-year period). The pressure suit should have
movable joints in the region of the shoulder, elbow, wrist, walst, knee, hips

- and ankles. This indicated analysis of the cosmonaut's body motlons while
performing maintenance on objects. Possible movements of the heat must also
be provided. The mobility of the arms in the pressure suit and of the wrist
in gloves has special significance.

Requirements on the life support system (Szho), its type and composition were
determined on the basis of simulation and the tasks of the space walk and
requirements on the systems for supporting the cosmonaut's activity outside
the manned spacecraft and manned orbital station were refined. The experience
accumulated in the: USSR and the United States in work by man in open space
made it possible to determine the range of tasks entrusted to the cosmonaut
outside the PKK and POS:

maintenance and repair of the PKK, POS and of automatic space objects;
installation-dismantling and assembly operations in orbit;
maintenance of scientific research apparatus;

rendering assistance to crews experiencing distress in orbit and also re-
placement of PKK and POS crews;

transport of various types of cargo;
- experimental investigations in open space.

This list of tasks is naturally generalized and incomplete. The tasks will
be corrected and expanded as investigations in space progress.

Brief Characteristics of Manned Space Objects Which Support Space Walks by Man

Manned spacecraft and manned orbital stations which support space walks by man
are distinguished in design from manned objects which do not support human
activity outside the craft. They primarily have additional equipment for
depressurization and subsequent pressurization of the corresponding compart-
ments, special pressure suit design, life support systems and so on.

A space walk was accomplished during the flights of the Voskhod-2, Soyuz-4
and Soyuz-5 PKK, a number of Gemini and Apollo PKK and the Skylab POS. Let
us familiarize the reader with the brief characteristics of these and future
manned objects, having especially determined the means for supporting space
walks outside these objects.

4
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Voskhod~-2 was a manned spacecraft designed for orbital flight around the
earth. Unlike the three-place Voskhod PKK, the Voskhod-2 spacecraft was made
in a two-place variant. This increased the free space which facilitates
movement of the cosmonauts in the cockpit during preparation for a space
walk. A "soft" type airlock chamber, rotated into the working position in
orbit, was designed for the space walk. The ShK was connected to the cos-
monauts' cockpit by a pressurized hatch. The ShK was also equipped with a
pressurized hatch on the side turned toward space. Thus, the Voskhod-2 had

- two pressurized spaces which were separated from each other and at the same
time could connect one to the other.

This design made it possible to complete the space walk beyond the spacecraft
without depressurizing the cosmonauts' cockpit. The hatches were controlled
remotely from the console installed in the cosmonauts' cockpit or manually.
Two movie cameras, a light system and a control console were placed inside
the ShK and tanks with an air supply for repressurization of the ShK and with
an emergency oxygen supply are placed outside it. The cosmonaut is supplied
with oxygen from a self-contained backpack SZhO while working outside the
PKK.

B B B

Figure 3. Drawings of A. A. Leonov During Preparation for a Space
Walk
5
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On 18 March 1965 cosmonaut A. A. Leonov of the USSR made the world's first
space walk. The walk lasted for 23 minutes 4l seconds, of which 12 minutes
9 seconds were outside the PKK. The cosmonaut completed the plzanned pro-
gram of investigations, having separated himself from the spacecraft to a
tether length of 5.35 m. One can gain some idea of the experiment from
Figure 3.

The Soyuz is a multiplace PKK designed for flights in geocentric orbit,
maneuvering, approach and docking. The welght of the spacecraft is approxi-
mately 6.5 tons. Due to the modular design and the capacity for moderniza-
tion, the Soyuz PKK is used for different purposes in space flights. Auto-
nomous and group flights, an astronomical laboratory, a transport spacecraft
for supplying the Salyut POS and modification for the joint flight in the
Soyuz=-Apolle international program -- this is an incomplete list of the .
tasks performed on the Soyuz PKK.

The spacecraft cunsists of an orbital module, a descent vehicle where a crew
up to cosmonauts is located and an instrument-service module. The orbital
module and descent vehicle are connected by a pressurized manhole, which
permits the use of the orbital module as an ShK. In this case the orbital
module is equipped with a depressurization and pressurization system and
also a hatch for emerging into open space.

After development of the experimental orbital station consisting of docked

Soyuz-4 and Soyuz-5 PKK in 1969, two cosmonauts transferred from one space-

craft to another across open space. The PKK were equipped with special

devices for moving along their outside surface. The cosmonauts employed
self-contained SZhO and pressure 3uits for operations outside the spacecraft. -
A diagram of the experimental POS is shown in Figure 4.

Figure 4. Diagram of Experimental Orbital Station Assembled From
Soyuz~4 and Soyuz-5 Spacecraft: 1 ~-- solar panels; 2 --

instrument-service modules; 3 ~-- orbital modules; 4 --
exit hatch; 5 -- approach antennas; 6 -- docking assembly;
7 =- windows

6
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The Gemini was a two-place PKK of the United States, designed for flights

in geocentric orbit. The weight of the spacecraft is 3.13-3.80 tons. The

spacecraft consists of the orew compartment, radar and orientation system

modules and also an auxiliary module. An overall view of the Gemini PKK

is shown in Figure 5. Unlike the variant using an ShX, the entire space-
- craft was depressurized in the given case during the space walk.

Figqure 5. Gemini Manned Spacecraft

The Apollo is a three-place PKK of the United States, designed to deliver
two astronauts to the lunar surface. The spacecraft is made in the form of
a modular design consisting of a crew compartment, engine compartment and
lunar lander (Figure 6). Depending on the flight goals, the spacecraft may
consist of the crew compartment and engine compartment -- the main unit for
flights in geocentric or selenocentric crbit. Wwhen an exit onto the lunar
surface was planned, besides the main unit, the spacecraft contained a lunar
lander which made a soft "landing" with two astronauts on board. The weight
of the spacecraft, equipped for landing on the Moon, comprises 43-47 tons.
The astronauts made a space walk in geocentric orbit, on the Moon~Earth
route and also walked on the lunar surface. The space walk was accomplished
through the hatches of the crew compartment and of the lunar lander and the
walk on the lunar surface was made through the front hatch of the lunar lander.
- All the spacecraft compartments were depressurized in this case.

The skylab is-anexperimental POS of the United States (Figure 7). Three
expeditions of three astronauts in each were sequentially delivered by the
Apollo transport spacecraft to the station. The weight of the station in
orbit without the transport spacecraft is 77 tons. Skylab consists of

7
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

Figure 6. Apollo Manned Spacecraft in the Version for Landing
on the Lunar Surface: 1 -- engine compartment; 2 --
crew compartment; 3 ~- luilar lander

laboratory and housekeeping compartments; a waste discharge compartment,
docking structure for docking of the transport spacecraft, a set of astrono-
mical instruments and an airlock chamber. The ShK is hermetically separated
from the remaining compartments of this station and permits two astronauts
to make a space walk simultaneously. During the f£light the astronauts made
repeated walks outside the pressurized compartments of the station.

Figure 7. Skylab Manned Orbital Station: 1 -- laboratory compart-
ment; 2 ~- bulkhead; 3 -- housekeeping compartment; 4 --
station engine; 5 -- airlock chamber; 6 -~ docking
structure; 7 -- Apollo transport spacecraft

The MTKK (design) is a multiuse transport spacecraft of the United States.
The propogsed crew is three men and up to four specialists. A diagram of

the MTKK at the moment of payload injection into orbit is shown in Figure 8.
The MTKK includes first-stage booster units, second-stage fuel tank

8
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(Jettisonable components) and the spacecraft itself with payload. The pur=
pose of the spacecraft is to inject various payloads into orbit (automatie
satellites, POS units and so on), maintenance and repalr of unmanned space
systems, rescue of PKK and POS crews who have experlenced distress in orbit
and 80 on. The maximum payload weight injected into orbit is 29.5 tons and
that returned to earth is 11.3 tons. The tasks enumerated above require
the active participation of astronauts outside the pressurized compartments.

Figure 8. Multiuse Transport Spacecraft With Open Cargo Compartment
at Moment of Payload Injection

Spacelab (design) (Figure 9) is a manned orbital unit with a crew of 2-4
persons, designed for multiple use. The unit is delivered into orbit and
is returned to earth by an MTKK, The maximum weight of the unit is 11 tons.
Its purpose is to carry out scientific-technical experiments in geocentric
orbit without separation from the MTKK. The unit may contain pressurized
and unpressurized compartments. It is planned to conduct routine and un-
planned operations in open space. The design provides for an ShK with space
exit hatch.

The long-term unit orbital station (design) is a manned orbital station with
an operating period up to 10 years. The station is assembled in orbit from

9

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

Figure 9. Spacelab Units 1 -~ space exit hatch; 2 == electrical
and hydraulic communications lines of MTKK systems;
3-4 == pressurized compartment

] individual units delivered by the MTKK. The number of units may be different:
u from 3 to 6, and accordingly there may be 6-12 crew members. The stations
‘ are designed to carry nut a complex of scientific investigations, to study
the Earth's natural rvesources, for operation of satellite systems and so on.
Obviously, some tasks and specifically operation of automatic space objects,
will be related to space walks.

Thus, one may conclude that human activity outside a manned space object
occupies one of the central positions in cosmonautics.

In the following sections we will discuss the practical operations of cosmo-
nauts in open space according to the USSR and United States programs, methods
of performing them and hardware.

Maintenance and Repair of PKK and POS

Unmanned space apparatus (KA) -- automatic artificial Earth satellites (1S2)
and stations (AS) -- consist of a set of assemblies and systems having -
specific designation and different degree of complexity. Man is located

on board PKK or POS. Therefore, special requirements are placed on their
onboard systems and, moreover, auxiliary systems are installed. Thus, a
life support system which supplies the cosmonaut with oxygen, water and
nourishment and which removes various types of harmful impurities (carbon
dioxide, ammonia and so on) from the pressurized cockpit, is absolutely
necessary. The requirements on the temperature-humidity conditions of the
gaseous medium, vibrations, noise, g-forces and on the dependable functioning
of onboard systems are increased.

PKK and POS are used for national economic and scientific research purposes.
These are, for example, study of the Earth's natural resources, communica-
tions, television and astronomical, astrophysical and meteorological investi-

- gations. They are also used to develop the design of various systems modi-
fications, some production operations and production processes directly under
space flight conditions.

10
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Let us preaent\an approximate list of the onboard systems of PKK and POS:
the structure and ite components;

power supply systems;

orientation and stabilization system;

servo member system (engines, control gyroscopes, flywheels and so on):
radio control and trajectory measurement system;

navigation and control system;

scientific research apparatus (payload):

life support system;

temperature regulating system;

reentry and landing support system;

emergency rescue system;

radio communications system;

approach and docking support system and so on.

The combination of these systems may vary as a function of the flight goals.
This is primarily related to payload. For example, the multipurpose Soyuz
PKK may be assembled in different versions as a function of designation.

The self-contained manned astronomical observatory (Soyuz-13) was equipped
with astronomical instruments of the Orion-2 system, but there was no
approach and docking system on it. The spacecraft wac cquipped with a
welding apparatus operating under space vacuum conditions in the experiment
with space welding. The experiment with docking two spacecraft and transfer
of two cosmonauts from one spacecraft to another (Soyuz-4 and Soyuz-5) re-
quired that an approach and docking system, depressurization and pressuriza-
tion systems, pressure suits and other equipment be supplied. The Soyuz
manned spacecraft can be'used as a transport spacecraft to deliver crew and
cargo to orbital stations and to return the crew and necessary research
materials to Earth (Soyuz-1l, Soyuz-14, Soyuz-17, Soyuz-18, Soyuz-21 and so
on). In this case the spacecraft is equipped with an approach and docking
system, system for transfer to the orbital station and so on and a place is
provided for storing the cargo delivered to Earth.

The operating efficiency of onboard systems and their dependability are

determined by an optimum combination of human activity and operation of

automatic systems and by optimum distribution of functions between the auto-

matic systems and the cosmonaut. We feel that it is erroneous to postulate
11

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

the question itself of which is better: an automaton or man. Man has a
nurber of indisputable advantages over an automaton, but at the same time an
automatic system has a number of qualities which are more valuable compared
to man., For example, automatic systems retain their efficiency during acce-
lerations several orders higher than does man.

Automatons oan operate at ambient air temperatures on the order of lo00°c,
vhereas overheating of the human organism makes him completely inefficient.
The tolerances to ambient ajr pressure are incomparably more rigid for man
than for technical systems. The radiation resistance of electronic systems
is tens of times higher than the permissible radiation doses for man, However,
man with his experience, intuition and skill to combine unrelated events into
a unified logical system at first glance and with the skill to separate more
significant information for a given moment and with many other qualities

r is an {rreplaceable link in space research. It is obvious that the main
engineering-psychological task of designing space objects consists in
developing a complex "man-automaton" system in which the deficiencies of one
link are compensated by the advantages of the other.

The scales of investigations in space will increase and capital investments
in space programs will also increase. Thus, the expenditures for the Mercury
Program comprised 0.275 billion dollars, those for the Gemini Program com-
prised 1.290 billion dollars and those for the Apollo Program comprised on
the order of 25 billion dollars. It is natural that these capital invest-
ments require an increase of economic effectiveness of the implemented space
programs. And this in turn is most closely related to the operating depen-
dability of the onboard equipment and with maintenance of it directly during
flight,

The problem of maintenance is rather complex and is determined primarily by
the fact that the dependability of onboard equipment of space objects depends
on many flight factors, the level of development of science and technology,
production and so on. The conditions of space and of the space medium them-
selves (deep vacuum, cosmic radiation and meteorite hazard) reduce the depen-
dability of space object systems. These factors especially affect the assem-
blies and systems located on the outside surfaces of space objects and outside
pressurized compartments.

This naturally requires periodic inspection, preventive maintenance, replace-

- ment and repair of systems directly in open space. For example, the prolonged
effect of cosmic radiation may lead to deterioration in the properties of
organic materials. Solar panels used as power supply sources lose their
efficiency due to the effects of sclar radiation. As a result the energy
required for the onboard equipment is reduced. A deep vacuum is harmful to
raterials, including "volatile” elements, which considerably alters their
operating characteristics.

The length of a flight is one of the main factors affecting the depnondability

of onboard systems of space ohjects. The longer the spaceflight, the more
difficult it is to ensure the efficiency of the onboard equipment at a given
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level of dependability. And after all crew safety depends on the operating
dependability of the systems and assemblies of the manned spacecraft or
station,

The length of manned flights is ever increasing: 424 hours for Soyuz-9,
1,512 hours for the autonomous flight of the Soyuz~18 and the flight with
the Salyut-4 orbital scientific station and from 143 to 298 hours for lunar
expeditions. The length of three crews remaining onboard the Skylab manned
orbital station comprised 28 duys, 59 days and 84 days, respectively. The
length of the flight of the first expedition on the Salyut-4 POS comprised
30 days and that of the sacond comprised 63 days. Thus, development of
orbital near-Earth, near-lunar and lunar stations of long duration and
organization of expeditions to the planets require dependable functioning
of the onboard systems for many months and even years.

One can vividly demonstrate the dependence of the probability of successful
manned flight on its duration at the modern level of production technology:

flight to Mars (length of flight approximately 2 years) -- 0.006;

flight to Venus -- 0.03;

lunar landing by the Apollo program {length of flight 200 hours) -- 0.95;
flight of the Mercury spacecraft -- 0.95,

Ensuring the probability of a successful flight of 0.95 may be taken as the
required dependability for manned flight.

The dependability of a space rocket complex can be determined by the expres-
sion:

P = P\P,P,P,, )

where P; is the dependability of the complex during launch; P2 is the depen-
dability of the complex during orbital injection; P3 is the dependability
of the complex during orbital flight; and P4 is the dependability of the
complex during reentry and landing.

If the value of P is close to 100 percent (for example, 95 percent), one may
be confident of a successful space flight. In the remaining (1 - P) = R
cases, it is obvious that additional measures are required to ensure depen-
dable operation of the onboard equipment. If the degree of dependability

of auxiliary equipment is taken as Pgop, then one can determine the probabi-
lity of a succegssful flight:

P* =1 — R Rzon,
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i ‘ Rnon“"“‘Paon- (2)

what additional measures may increase the level of operating dependability
of onboard equipment and consequently of crew safety and the efficlency of
the entire space flight? One of the possible methods of solving this pro-
blem is maintenance (T0) of the onboard equipment of the PKK and POS during
space flight.

Maintenance of -the onboard systems can be divided into automatic, remote and
crew servicing.

Automatic TO assumes automatic identification of fallure and switching to
reserve systems or units, .

Remote TO may be organized by using an unmanned satellite equipped with
manipulators, television camera and other equipment. The operator can con-
trol the satellite from Earth, from the PKK or the POS. Crew maintenance
assumes, for example, diagnosis, repair and postrepair chacks with direct
participation of the cosmonaut.

Each of these types of TO hag its own positive and negative aspects. Auto-
matic TO, the most prevalent today, is related to an increase in the weight
and overall dimensions of space objects. Remote TO has its own limitations

_ == the use of manipulators, delay of control signals and so on. Moreover,
each of the types of TO may be suitable or unsuitable depending on the
phase of space flight.

For example, the most preferrable for the orbital injection phase is auto-
matic TO, which is related to transience of processes and characteristics
of crew disposition: the cosmonauts are located in the reentry vehicle and
are strapped to their seats and the flight proceeds under acceleration con-
ditions. TO by the crew is reduced in this case to switching to reserve
units upon failure of automatic equipment.

Remote and crew TO is feasible during orbital flight and during the stay on
the surface (for example, on the Moon or Mars). The possibility of unfore-
seen failures, difficult access to repair points and many other factors, we
feel, make crew TO more preferrable. Crew maintenance assumes the participa-
tion of man in identification of the failure, determining the degree of im-
portance and program of repair, selecting the hardware required for repair
and conducting the repair and postrepair checks themselves.

The dependability of a typical life support system with different variants
of maintenance is shown in Figure 10.

Operations inside pressurized compartments have their own features related
specifically to weightlessness. However, the operating conditions in
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pressurized compartments can be approximated to ground conditions to some
degree. Universal attaching devices, equipping the operator's positions,
spare parts and tools, design of onboard equipment convenient for performing
repair-maintenance operations and so on have been created for this.

Another matter of working outside the spacecraft or station. The specifics
of the medium, the need for donning a pressure suit and in some cases a
welghtless state all create some characteristic features and limitations
during maintenance and requires solution of a number of problems.

As we have already said, man will perform a complex of engineering-technical
tasks and specifically of repair-preventive maintenance operations with the
onboard equipment and maintenance of it outside the spacecraft or station.

A significant part of the apparatus-assembly composition of the onboard
systems of PKK and POS is related to one or another degree to open space,
i.e., to the space outside the pressurized compartments of the space object.
For example, the temperature control system is based on dissipation of heat
by a heat carriers in radiative heat exchangers located on the outside sur-
face of the spacecraft. The solar panels (SB) of the power supply system,
for example, on the Soyuz PKK and on the Salyut and Skylab POS are also
located on the outside surfaces. The main SB of the Skylab station have
dimensions of 30 m on the station unit. Both SB consist of three sections
mounted on cantilevers. The cantilevers with panels are folded and are
attached to the station hull by explosive bolts until orbital injection.
After orbital injection, the panels are unfolded into the working position.
In unfolded form, each panel has dimensions of 7 x 9 m and the total area
of the SB is 110 m2.
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The radio communications system also has a set of various antennas in-
stalled into the working position after orbital injection of the object.
This is related, for example, to the pencil-beam antenna of the Apollo
spacecraft, which occupies the working position after separation of the
spacecraft from the third stage of the Saturn-5 carrier rocket. The solar
panels and radio antennas of the approach and docking system of the Soyuz
PKK are also unfolded after orbital injection.

The orientation and stabilization system communicates with the surrounding

space by various types of sensors used in controlling the spatial position

of the spacecraft. This is related, specifically, to optical sensors: the
optical sighting device of the Soyuz PKK, the optical periscope used by the
astronaut during control of the Mercury PKK, astronavigation instrumeiits of
the Apollo PKK and so on.

The engine units to provide forward motion and rotary motion around the
center of mass and also tanks with spare fuel, oxidizer and compressed
gases are located on the outside of the spacecraft in open space. It is
natural that situations may occur during the space flight which cequire the
cosmonaut's participation in maintenance of the systems, i.e., a space walk.

Now familiarize yourself with Table 1. The distribution of operations in
open space during maintenance of individual systems of PKK or POS is given

in it,
Table 1
Operations conducted
system Requirements og g;evalent outside the PKK,
type o percent

Approach Replacement of components 50
and docking
Engines Elimination of leaks and replacement

of components 80
Electronics Replacement of components 10
Structure Repair of detected damage and elimina-

tion of leaks 75
Power supply | Replacement of components 10
sources
Szho Elimination of leaks and contaminants

and replacement of components 5

These are theoretical investigations and conclusions. But they have been
confirmed by the practice of space flights. Analysis of failures during

the flights of the Mercury, Gemini and Apollo PKK and of the Skylab POS
permits one to determine the most typical malfunctions which may potentially
cause or have caused the necessity of working in open space:
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separation of the metecorite-heat shield; installation of the heat shield
cover in orbit (Skylab))

forced unfolding of the solar panel directly in orbit (Skylab):

weakening of the attachment of individual structural assemblies and parts
(Mexcury and Apolle):

failure of shroud ejection mechanisms (Gemini);

clouding of the windows and the objectives of optical instruments (Apollo
and Skylab);

engine failures (Gemini and Apollo);
leakages of gases and liquids (Apollo and Skylab);
failures in the docking system (Apollo).

The attachment of the heat shield to the satellite hull weakened during the
flight of the Mercury-6 spacecraft. To refine the nature of the malfunction,
a space walk could have been required but this was not planned for the
Mercury program. The flight managers and the crew of the Gemini-9 space-

- craft were forced to abandon docking since the main shroud designed for
docking did not separate from the apparatus. The crew proposed a space
walk to cut the electric wires holding the main shroud. However, the flight
managers rejected these operations. The windows became very clouded during
the flight of the Gemini spacecraft. This interfered with observation and
photography from the spacecraft. The clouding was removed by an astronaut
who emerged from the spacecraft.

The optical instruments and windows also became clouded during the flight
of the Apollo spacecraft. During the flight of the Apollo-17 spacecraft,
astronaut Evans made a space walk. Inspecting the housing of the engine
compartment, he detected delamination of the upper coating burned by a stream
of hot gases flowing from the engines.

= Human capabilities in performing repair operations and maintenance in open
space were manifested more clearly during the flight of the Skylab orbital
station. Analyzing the crew activity of the Skylab station, one can compile
a cyclogram of maintenance and repair operations in open space:
preparation to emerge beyond the pressurized compartments;
space walk;
moving to the location of preventive maintenance or repair;

inspection of the assemblies and systems and checking them;
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performing the required operations;
checking operations after completing the work;
moving to the airlock chamber;
entry into the pressurized compartments of the spacecraft or station.

This diagram is considerably simplified. Each specific case may have its
own chacacteristic features which ronsiderably change the sequence of events.
For example, one may be required to ascertain installation-disassembly
operations, transport of spare components and so on with respect to the
maintenance object. When moving along the outside surface of the spacecraft,
station or other space object, the cosmonaut may perform such an important

- operation as inspection of the outside surface. This is necessary when

gas leaks from the pressurized compartments or leaks of liquids occur, for

example, from the circuit of the heat control system.

Thus, inspection and repair are important constituent parts of maintenance
and specifically of maintenance related to operations outside the spacecraft.
Inspections, replacement or repair of solar panels, ejection or unfolding
and docking mechanisms, removal of contaminants from optical surfaces, cor-
rection of spacecraft assembly and subassembly failures, repair of antennas
and drives, determination of leakage points and inspection of the external
surface are far from all the maintenance tasks solved outside the space-
craft in open space.

Maintenance and Repair of Automatic Space Objects

Along with investigations in space using manned space objects, unmanned
space objects are employed just as extensively and many more unmanned objects
- than manned objects are launched.

Automatic devices in space perform the role of scout, from the tracks of
which man can operate. Thus it was with investigation of circumterrestrial
space and thus it was with organization of expeditions to the Moon. Actually,
the flight of Earth's first space ambassador, citizen of the Soviet Union

Yu. A. Gagarin, followed after launching of the first artificial Earth
satellite, biological satellites and after careful preparation and testing.

Automatic devices also laid the road of man to the Moon. The Luna and Zond
automatic stations provided study of circumlunar space and of the lunar
surface, a soft landing on the lunar surface, complex investigations from
selenocentric orbit and collecting samples of lunar soil with return to
Earth. The flights of the American automatic apparatus for study of the
Moon were Ranger, Lunar Orbiter and Surveyor. And finally, landing of
- astronauts on the lunar surface ocairred after manned circumnavigation of
the Moon. Venera, Mars, Pioneer and Mariner automatic interplanctary stations
are now periodically launched toward the planets of the solar system. Auto-
matic devices will also be used in the future as the first investigators,
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especially in unstudied or little studied environments and environments
unsuitable for human viability.

! ISZ and KA are now used extensively for soientific regearch, to check new
technical solutions (modernization of control systems, testing of new
engines and so on), to study the Earth's natural resources and so on.

ISZ and KA may be classified by designation in the following manner:
research satellites;
; communications satellites;
meteorological satellites;
geodetic satellites;
satellites to investigate the Earth's natural regources;
satellites to test onboard and ground equipment;
blological satellites;
KA for investigations of the Moon and planets.

ISZ and KA carry on board apparatus designed for extensive and multifaceted
investigations and observations. This is frequently unique, complex and
very expensive apparatus., Besides the payload (the apparatus of purposeful
designation), ISZ have the same systems as any controlled space object, i.e.,
orientation and stabilization system, servo member system (engines, control
gyroscopes, flywheels, gravity stabilization components and so on), electric
power supply systems, temperature control systems, radic engineering system
and many others. But the systems required to support man on board are absent
in them.

It is natural that various malfunctions may occur both in service systems

and in research apparatus. There were cases in the practice of space research
when the most insignificant failures on board the ISZ or KA either made them
generally unsuitable for operation or sharply reduced the efficiency of their
practical use. This is related primarily to components which begin to func-
tion after orbital injection: the solar panels, antennas, components of the
orientation and stabilization gravity system and so on.

An emergency condition of ISZ systems may require replacement and this is
related to a nonroutine launch with additional expenses. If it becomes
possible to conduct repair operations in orbit, these expenses will be reduced
and repair in orbit itself may be economically effective.

Systems are created from automatic satellites in orbit which provide communi-
cations, navigation and meteorological service. For example, the Transit

19
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

system of five satellites assists ships of the commercial fleet and oceano-
yraphic vessels to determine their coordinates. Among the total number of
satsllites of this ciass, part were injected into orbit to replace those
that failed. Navigation and geodetic satellites and those for development
of onboard equipment utilize the gravity orientation and stabilization system.
The American ATS satellite, designed to test onboard and ground equipment of
future meteorological, communications and navigation satellite systems and
for sclentific research, is equipped with a similar system. These orienta-
tion and stabilization systems do not require continuous fuel expenditure
(compressed gases and liguid fusl) stored on board the satellite. There

are four hollow rods in the system formed after orbital injection of the
satellite by "pulling" a tension tape lubricated from a drum through a
filler. The rods seemingly form a cross. The angular distance between rods
and their length are regulated. Two similar rods serve to damp librations.
These systems have a considerable number of movable mechanical subassemblies.
Failures in them may lead to a reduction of efficiency or may lead generally
to failure of the satellite due to loss of orientation.

A characteristic feature of interplanetary spacecraft, like some ISZ operating

in high orbits (approximately 11,000 km), is a second start after injection
- into the intermediate geocentric orbit. The onboard equipment is checked
. and prepared for the second start during flight in the initial geocentric
orbit for transfer to the specific trajectory. It is during this period,
the period when the apparatus is in the intermediate geocentric orbit, that
humin interference is possible. Man can check and repair failed onboard
equipment. Thus, for example, American specialists were forced to cancel
operation of a number of ISZ (ATS-IV INTELSAT~2,-3 and so on) due to injec~
tion into an uncalculated trajectory. If a manned spacecraft (for example
of the MTKK type) had been in orbit around the Earth, the cosmonauts could
have transferred the satellite into the calculated orbit.

There were cases in the practice of space flights when the propulsion unit
of the satellite itself was used to inject the ISZ into the calculated orbit
due to operational failures of the carrier rocket power plant. This was
reflected in the further flight program since it reduced the omboard fuel
and oxidant reserves. Moreover, leakage and total depletion of the fuel
reserves may occur while retaining the efficiency of other onboard systems.
Even in these cases ISZ and other unmanned space objects could be refueled
directly during space flight.

The designs of future automatic space objects already provide during the
development stage their maintenance by man directly in orbit.

Thus, for example, it is planned to inject the LST satellite (observatory

for astronomical observations weighing 11 tons and 3.6 m in diameter) into

an orbit 610 km high by using the MTKK. The satellite will be returned to
Earth for preventive maintenance after 2.5 years of operation also by using
the MTKK. Longer operation without repair is unprofitable and reduction of
the operating period requires additional flights of the MTKK which is relat-d
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to high expenditures. Therefore, maintenance of the satellite by cosmonauts
transported to it by the MTKK is provided during the operating period. Three
types of maintenance are planned:

1. Delivery of the satellite into the MTKK payload compartment. The solar
panels, antennas and other components of the satellite structure unfolded in
orbit must be folded.

2. Grasping the satellite with the MTKK manipulator and attaching it at some
distance from the spacecraft.

3. Arranging the satellite on the MTKK work table.
All three types of maintenance require the active efforts of man in open space.

According to the first design, the satellite hull should be pressurized with

an artificial atmosphere so that the cosmonauts can work without pressure suits
when performing maintenance operations. The second design (it is regarded as
more preferable) dnvisions the manufacture of a satellite with an unpressurized
hull; the cosmonauts will work in pressure suits when maintaining it.

The active interference of inan may also be required during failure of
satellite-to-earth data systems on the ISZ. The cosmonaut may then disassem-
ble the information carrier from the ISZ and return it to Earth. A similar
experiment was conducted during the flight of the Gemini-1l0 PKK when an
astronaut, making a space walk, transferred to the unmanned object and dis-~
mantled a device with scientific information. In this case the Gemini-10

PKK was at a distance of several meters from the object.

Maintenance of automatic objects and systems in orbit poses 'new problems and
primarily problems of detecting the object in orbit, approach or docking
R with it, transferring the cosmonaut to the object for maintenance, trans-
porting the equipment required for work and, finally, conducting checks,
preventive maintenance or repair operations. The problem of vital activity
under weightlessness conditions occupies a significant place in this multi-
- faceted activity of man in open space.

Thus, one can conclude that maintenance of automatic ISZ, space apparatus
and satellite systems requires the active efforts of man in orbit. Preven-
tive maintenance, gathering useful information, inspection and estimation
of operational suitability, unplanned repair, transfer to working orbits,
transport, refueling and so on may primarily be related to these operations.

- Installation-Dismantling and Assembly Operations in Orbit
If one traces the course of development of space research, one can clearly

see the trend toward an increase in the weight and overall dimensions of
space apparatus.

i
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This is quite explainable since the payload volume and weight and conse-
quently the weight and overall dimensions of the spacecraft and carrier
rocket structure increase with expansion of research.

The tasks of the future require orbital assembly of even heavier space objects
and even larger structures. These objects may primarily include interplane-
tary spacecraft, block orbital stations of long duration, refueling stations,
large (more than 30 m in diameter) radio and optical telescopes and large-

u area solar panels. For example, one of the future NASA programs is a space-
craft variant assembled in orbit from separate units. Unit injection into
orbit and subsequent supply of the spacecraft will be provided by the MTKK,
Development of an orbital station of long duration also provides assembly

- of it in orbit from individual units delivered by the MTKK to the installa-
tion orbit (1-2 units of the station per £light).

Naturally, installation-dismantling and assembly operations are required
when performing a wide range of tasks in open space:

maintenance and repair of manned and automatic space objects;
assembly of small and large space objects;

technical supply of manned stations;

crew rescue;

servicing scientific apparatus and experimental investigations.
Actually, dismantling operations of failed units and subassemblies with
subsequent installation of them may be required.

For example, antenna diameter in the future may reach 30-45 m. Such an
antenna would have to be assembled in orbit in open space. In this case the
mest optimum is apparently a modular design of the system. Individual
modules will be assembled into one unit and this means that operations in
transporting the units to the assembly point, joining them and adjustment
will have to be carried out. For example, a 45-meter antenna can be
assembled from 240 panels. The technology of installation on this scale

is unusual since the "escalator" principle is employed. This principle
includes the fact that the cosmonaut "stands" on a platform (Figure 11l) and
begins assembly with a round section, moving along a rail installation as
need requires. Having finished one row in this manner, he transfers to the
second and so on., Simulation of this type of assembly operations in a
hydraulic environment showed that the cosmonaut is capable of effectively
completing the required installation. During tests, an operator in a pres-
sure suit should raise the panel, incline it at an angle of 90°, rotate it
by angle of 90° and secure it at the corresponding position on the round
panel. Some results of tests are presented in Table 2.
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Table 2
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225 X 3 080

KEY:
1. Panel dimensions, m 2, Average time expended on in-

stallation, min

These data are very valuable when calculating the total time to assemble
this antenna. Utilizing time expenditures, one can compile the total
cyclogram of the cosmonaut's work during assembly.

Figure 1l. Sequence of Antenna Assembly: a ~- beginning of
- 2gsembly; b -- assembly of first row; c -- assembly
ot second row; d -- end of agsembly

The tests clearly showed that a pressure suit, life support system, installa-
tion for moving the cosmonaut, systems for tethering the cosmonaut and re-
quired equipment, developed method and technique of assembly are required
when pcxforming these operations.

One ¢of the most important assembly operations in space is transport of in-
dividiual modules to the assembly point. Wwhen performing this operation,

the cosmonaut must move in supported (with contact of some surface) and un-
supported space. Individual units for moving the cosmonaut are required for
working in unsupported space.
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; Maintenance of Scientific Research Apparatus

Multilateral investigations during space flight require various types of
seientific research equipment on board the space object. This aequipment is

- placed both inside the pressurized compartments of PKK, POS and automatie
ISZ and on their outside surfaces.

The apparatus placed in open space may include instruments for studying
meteor erosion and contamination of surfaces, to investigate cosmic rays

and stellar radiation and instruments to take spectrographs of the Earth's
surface. Moreover, the effect of flight conditions on various structural
materials was investigated during some space flights. The scientific-
technical apparatus is placed in open space Lf it cannot be located in preg-
surized compartments or, for example, if the instrument must be separated
from the space object hull to eliminate the space object's effect on the
results of investigations.

Analysis of experiments planned during space flights shows that part of

them requires active efforts of man in open space. To determine his func-

_ tions beyond the spacecraft, 1,212 scientific-technical experiments planned

_ by NASA for the period 1968-1980 for PKK making flighte in geocentric orbits,
were analyzed. The list of studied experiments included:

astronomical;

biological,

investigations in the study of the Earth's natural resources and of space
physics;

meteorological investigations;
investigations of communications equipment;

experiments related to tests of new space technology and the use of orbital
systems;

- investigations in the field of space medicine.
Of the 1,212 experiments, approximately 500 were analyzed to determine the
functions of man inside the PKK and during space walks. The following
cosmonaut functions were determined:
installation and unfolding of scientific equipment;
testing and checking scientific equipment;
levelling and calibration;

controlling the operation of apparatus;
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moving loads and containers with the results of scientific observations;
removal and replacement of units;
repair,
Moxeover, 56 percent of the total number of operations require work in open
space. Specifically, these are operations related to astronomical investi-
gations and to study of the Earth's natural resources. Medical and biologi-
cal investigations require only 5 and 22 percent, respectively, of operations
in open space.

Scientific-technical experiments related to operations in open space are
presented in Table 3.

Only work with the X-ray fncusing telescope may require several operations
in open space:

1. Correction of malfunctions after unfolding the structural components in
space and so on.

2. Adjustment by using laser systems.

3. Connecting the monitoring apparatus, the data orientation system, solar
panels and other operations.

Table 3

Area of investigations Experiments

Astronomical One~-meter telescopes; set for study of the
sun (90-centimeter solar telescope); X-ray
focusing telescope; l0-kilometer interfero-
meter

Biological Capture of microorganic cultures in circum-
terrestrial orbit; effect of space conditions
on bacteria spores; effect of space condi-
tions on primates; multipurpose biological

installations
Communications and Assembly of 30-45-meter antennas and large
navigation energy units
Physical Investigations of the physics of space and
of the luminescence of sunrises and sunsets
Development of produc- Assembly of large structures; assembly of

tion operations in orbit | orbital stations around the earth
Experiments with a get of scientific apparatus for studying the Sun and

other celestial bodies were conducted extensively during the Skylab program.
The complex was controlled from the inner pressurized compartments of the
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orbital station, Maintenance of the complex required the astronaut's working
in open space -- extracting cassettes with the results of photosurveys,
transport of them to the inner compartments of the station and installation
of new film cassettes. The astronauts were supposed to perform the following
operations:

preparatory operations, depressurization of the airlock chambey, opening the
hatch and taking a space walk;

moving to the work site by means of hand holds;

preparation of the work site;

dismantling of cassettes;

moving to the airlock chamber;

entering the airlock chamber, closing the hatch and pressurizing the chamber;
trangfer to the station compartments,

Three main work sites: “central," "peripheral" and that near the ShK, are
provided at the site of the planned operations. Two astronauts should take
a space walk to repluce cassettes. They exit through the ShX hatch in turn
(oxygen is supplied through the tether from the orbital station's SZhO). One
astronaut remains near the ShK hatch while the other moves along the station
structure. He moves by using hand holds located on the outer skin of the
station. There are securing devices for the feet at the work sites so that
the astronaut, having freed his hands, can extract the cassettes. The astro-
naut should rotate the set of astronomical instruments at the "central" work
site to replace the next cassette. Four cagsettes are replaced here. The
astronaut"eclimbg" to the work area along a ladder to replace two cassattes
at the "peripheral" work site. The cagsettes with the exposed film are
transported by the second astronaut by means of special manipulators for
servicing the work sites. Cassettes with unexpose? #!1= avs 2125 transferred.
Two astronauts must complete 150 operatioms during 2 hours (by calculation)
to replace six cassettes. The third crew member is located inside the POS
near the console during these operations to monitor the operation of the
onboard systems and to provide insurance to the astronauts working in space.

The standby variant of transporting the cassettes provided for using a loop-
shaped rope retracted by hand.

The final step is to deliver the film with the results of scientific observa-
tions to Earth by means of the transport supply spacecraft.

An experiment for trapping meteor particles and microorganisms was planned
and partially conducted in the Gemini program. The scientific equipment
(a holder with various types of traps and also with biological specimens
for investigation of the affect of space flight conditions on them) was in-
stalled on the unmanned Agena object in the region of the docking assembly.
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- The acheme for performing the experiment provided that the astronaut takes
a space walk after the manned Gemini satellite dooks with the unmanned
Agena object and opens the doors of the holder, folded during the orbital
injection leg. 1In one of the subsequent flights, another astronaut dismantles
the holder after docking during extravehicular operations and delivers it to
the spacecraft and then to Earth. An experiment with this technique, but
without docking, was performed during the flight of the Gemini=-10 PKK,

Thus, one may conclude that man's working in open space occuples one of the
central positions both in completed and in future scientific investigations
using manned and unmanned equipment.

Assisting PKK Crew During Space Flight; Replacement of Crews

The statistics of manned flights shows that, despite the increase of the
dependability of onboard equipment, there is the probability of malfunctions
occurring which threatened the life of the cosmonaut. We have already men-
tioned failures during the manned flights of the Gemini-8 and Apollo=-13
spacecraft. Malfunctions complicated the process of docking the main unit
of the spacecraft to the lunar module during some flights of the Apollo PKK

\ of various types. A leak of fuel components occurred in the engine unit of

- the Apollo transport spacecraft during the flight of the Skylab orbital
station. The malfunction was so serious in nature that a decision was made
to prepare a modified rescue spacacraft for launch to evacuate the crew from
the station. And this decision was cancelled only after careful checks on
the Earth and working out the methods of reentry on simulators.

These examples show that operations of assisting PKK crews in orbit are not
imaginary, but quite real. Such typical malfunctions as failure of the pro-
pulsion units, orientation and stabilization systems, depressurization of
pressurized compartments, failure of the life support and temperature cortrol
system of the PKK and other malfunctions in transport supply spacecraft
docked to orbital stations may require urgent measures to evacuate the crew
from the object and subsequent return to Earth.

There are now several concepts which provide rescue of cosmonauts in flight:
1. The presence of individual rescue devices on board.

2. The presence of a special rescue spacecraft in orbit near the orbit of
the PKK or POS.

3. Launch of a rescue spacecraft from Earth if an unplanned situation occurs
on the PKK or POS.

In the first case the rescue equipment is placed on board the manned orbital
object. The design of this apparatus is shown in Figure 12, ‘The technology
of its practical use includes the following. If an unplanned situation
occurs in orbit, the cosmonaut in a pressure suit with SZhO should be located
inside the apparatus, should prepare it for return to Earth, should leave the
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emergency object, should orient it, switech on the retrorocket engine to
provide reentry and should land with a parachute. Rescue using these types
of apparatus requires that the cosmonaut fulfill operations in open space.

Figure 12, Individual Rescue Apparatus: 1 -- solid-fuel retro-
rocket; 2 -~ tail section of engine; 3 -- engine
orientation lever; 4 -- window; 5 -- quick fastener;

6 -- inner shell; 7 -- parachute; 8 -- compressed
oxygen tank; 9 -- ablation coating; 10 -- inner coating

Equipment of the second type includes a rescue spacecraft designed to assist
the crew during flight to the Moon. The technology of using the rescue
spacecraft is explained in Figure 13. The use of this design saves consi-
derable time from the moment the unplanned situation occurs until the crew
is evacuated from the spacecraft., Evacuation can be accomplished through
the inner pressurized passages formed after the spacecraft dock or across
open space if docking is impossible (failure of the docking subassembly,
uncompensated rotation and so on).

An example of a third rescue variant is the program for evacuating the crew
from the Skylab station. In the event of an unplanned situation, return to
Earth is accomplished in the Apollo transport spacecraft docked to the station.
If the transport spacecraft cannot be used (malfunctions occur in the systems
of the transport spacecraft itself), a rescue spacecraft should be launched
from Earth. The rescue spacecraft may dock to the side (second) docking
assembly of the mooring structure. It is typical that the rescue spacecraft
is a modification of the Apollo transport spacecraft. Only 24 hours are re-
quired to reequip it to a rescue variant.
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Figure 13. Diagram of Using Rescue Spacecraft: 1 -- rescue
spacecraft in parking orbit; 2 -- launch of lunar
spacecraft; 3 -- rescue spacecraft at moment of
lunar spacecraft launch; 4 -- lunar spacecraft at
moment emargency occurs; 5 ~- rescue spacecraft at
moment of emergency on lunar gpacecraft; 6 --
encounter of rescue spacecraft and emergency lunar
spacecraft

KEY: !
1. Earth 2 Moon

There is a design of a rescue spacecraft based on the Gemini PKK, which
is named Big Gemini. The modified spacecraft is designed to rescue three
astronauts.,

» One of the tasks of the MTKK is to rescue the personnel of manned orbital
objects. The maneuvering capability of the MTKK with variation of the
angle of inclination of orbit and brief periods of preparation for the next
launch (approximately 14 days from the moment of return to Earth) considerably
increase the possibilities of crew rescue. Specifically, the time the crew
is in orbit after an unplanned situation occurs is reduced.

Transfer to the rescue spacecraft, accomplished without mutual docking of
the objects, envisions such an important operation as moving in unsupported
space, But it may happen that the crew members are injured. 1In this situa-
tion the transfer operation is replaced by one of transport of the wounded
cosmonaut. Individual equipment is used for moving and transport. This
equipment will be necessary in the event of unplanned situations of a
technical nature or due to loss of the efficiency of cosmonauts (unconscious
state, disorientation and so on) located in open space.

As one can see, space walking is of important significance when performing
rescue operations in orbit.
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Cargo Transport

Thus, the cosmonauts perform the most diverse tasks in open space. These
are both maintenance of manned and unmanned space objects and installation-
dismantling and assembly operations, rendering assistance in orbit and
gservicing the scientific apparatus. Performing these tasks is related not
only to the movement of man but also to transport of various types of
equipment. For example, sclentific investigations in the field of astronomy,
biology, the physics of the cosmos, navigation and communications, mainte-
nance of orbital stations and assembly of large structures number 53 opera-
tions with cargo transport to a distance up to 18 m and 39 operations with
cargo transports with mass up to 40 kg.

The experimant in trapping meteor particles in orbit and also in studying
the effect of space conditions on microorganisms, conducted in the Gemini
program, required transport of scientific equipment with mass of approxi-~
mately 3.2 kg, Astronomical operations in the Skylab program were also re-
lated to transport operations in open space, during which the astronauts
transferred approximately 700 kg of cargo.

Replaceable equipment, film cassettes, traps, holders, movie cameras, failed
units, tools, installation parts and so on -- this ig far from a complete
list of the transported equipment. All this equipment has different weight
and overall dimension characteristics and, consequently, different devices
for transport, and in most cases requires special means of securing.

Cargo transport is frequently most closely related to the movement of man.
Depending on the conditions and the specific task, movement of man may occur
upon contact with the surface of the space object or in unsupported space.
The first experiment of movement in unsupported space was achieved during
the space walk of the Soviet cosmonaut A. A. Leonov. Moving along the
surface of the PKK by using hand holds was accomplished during the flight
of the Soyuz-~4 and Soyuz-5 PKK during transfer of two cosmonauts from one
- spacecraft to another.

Cargo transport can be accomplished by three methods:

directly by the cosmonaut himself during movement in contact with the sur-
face of the space object;

by means of various types of devices and manipulators;

by using jet devices for moving in unsupported space.

The first method is simple, but inconvenient since the cosmonaut's hands are
occupied with moving and the transported cargo must be attached to the pres-
sure suit.

Transport by using a manipulator was used during transfer of film cassettes

from the set of astronomical instruments to the Skylab station. Three mani-
pulators with mass of 13 kg each were located near the ShK ' itch and provided
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mechanical contact with the work sites. The distance of transport was
approximately 9 m., The effect of forming a rod with unreeling a pre-stresped
"metal tape is uged in the design and principle of transport. 1Two tapes,
being unreeled from a drum, are wound into tubes upon emerging from the
cassette, and one tube is inside the other. The length of the rod is
approximately 8.2 m and the process of extension and retrieval lasts for
approximately 1 minute. The transported cargo is attached to the aend of
the rod tapes.

Cargo transport using jet devices considerably expands the range of cargo
rmovenment and the maneuverability of delivering it. These devices will be
used more in assembly of large structures in orxbit. Assembly of modular
objects or of constituent structures can be accomplished by injection of
separate unit into orbit with subsequent joining of them into a unified
structure. It is known that orbital injection using carrier rockets is
accomplished with given accuracy. Thus, the units injected into orbit will
be located in a specific zone. Assembly of the final structure obviously
requires detection of the units in this area, approach to them and transport
of them to the assembly site. This is a complex engineering-technical task.

There were cases of losses of different equipment during operations in open
space and with the open hatches of PKK. For example, the astronauts lost
their movie camera during the flight of Gemini-10. The lost apparatus may
contain valuable scientific observations (cassettes, movie and still cameras
and so on), Transport operations using jet devices are also required to
retrigve it.

There is a large number of practically unnecessary objects in orbit, in
addition to useful space systems. These are, for example, fragments of the
- collapsed stages of carrier rockets and satellites. Equipment which has
become unnecessary after conducting of one or another operations has been
dumped into space. For example, approximately 32 kg of various objects were
dumped beyond the spacecraft during the flight of the Gemini-12 PKK. Being
located in sufficiently high orbits, they have a long lifetime. The threat
of collision with them in orbit will increase as the number of these types
of objects increases. Therefore, one should expect that the problem of
"cleaning up" space occupies a specific place in cosmonautics and this task
is also closely linked to operations in cargo transport. It is quite obvious
that force and specifically, the tractor force of the rocket engine should
be applied to a body of one or another mass to move it in unsupported space.
In this case the orientation and stabilization of the transported cargo must
be provided from the viewpoint of safety, installation requirements and so on.

Rather high requirements on the accuracy of orientation, stabilization and
the relative speeds of mooring will also be placed during organization of
loading-unloading operations in the "transport supply spacecraft-~orbital
station" system across open space.

Thus, organization of transport operations in open space is one of the most
important aspects of the cosmonaut's activity in orbit.
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Experimental Investigations in Outer Space

Space walks by man are necessary to conduct an entire complex of experimental
investigations. Some of them may be enumerated:

testing pressure suits of different modifications;
testing various types of tools for working outside the spacecraft;

testing the repairability of various systems, their design vexsion which
facilitates the task of maintenance and evaluating the equipment of "work
platforms" for conducting repair and maintenance operations;

investigations and analyses of various types of installations and devices
for moving the cosmonaut (jet devices, tethers, hand holds, attaching de-
vices and so on).

For example, methods of maneuvering !n unsupported space and approach with

a spacecraft using a tether, methods of moving along the outside surface of
the spacecraft using hand holds and attaching devices and procedures for
various methods of movement were evaluated during the flight of the Voskhod-2,
Soyuz-4 and Soyuz-5 PKK. Pressure suits for working in open space and life
support systems were tested. Prior to landing on the Moon, a pressure suit
of "lunar" modification was tested in open space during the flight of the
Apollo-9 PKK., Tools for working in open space in standard and special ver-
sion, equipment of the "work platform" for conducting repair operations

and devices for moving the astronaut in unsupported space were tested in

the Gemini program. The astronauts of the Skylab POS installed a container
on its outside surface with various specimens of onboard equipment which
could be disassembled and returned to Earth to study the prolonged effects

of space flight conditions. Specimens of heat shield materials in open
space, where they were delivered by astronauts, were tested during the flight
of the station.

Such complex and grandiose operations have been proposed in the future in
orbit that tests of various systems and units under conditions of real space
flight will be simply necessary.

These types of experimental investigations include testing the welding unit
under conditions of a space vacuum on board the Soyuz-6 PKK.

An example of experimental investigations in open space is also the experi-
ment on board the Skylab orbital station to evaluate various types of units
for moving in unsupported space.

COPYRIGHT: Izdatel'stvo "Znaniye," 1977

6521
Ccso: 8144/1276
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GEOPHYSICS, ASTRONOMY AND SPACE

ONE PRINCIPLE FOR MEASURING ANGLES OF ATTACK AND SLIP DURING SPACECRAFT
FLIGHT IN 'NEAR' SPACE AND THE ATMOSPHERE

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
I MANIPULYATORY. TRUDY IFAK in Russian 1978 signed to press 8 Aug 78 pp 39~-48

[Article by A. B. Krymov)

[Text] The considered principle of measurement is based on analysis of the
dynamic pressure distribution along the meridional cross-sections of the
spherical element, which is part of any spacecraft surface during atmospheric
flight, and on analysis of the ion flux distribution fixed by ion traps whose
- axes of sensitivity are arranged in specific planes during space flight.
Algorithms for processing the data of primary sensors, constructed by the
unified principle both for atmospheric and for space flight, are proposed
which permit determination of the angles of attack and slip over a wide
range of variation.

Information about angles of attack i and slip /3 may be useful for purposes
of manual or automatic control at all stages of flight of circumterrestrial
spacecraft, especially multiple-use spacecraft.

This information is especially necessary at stages of orbital injection and
return to earth (atmospheric stages of flight). 1Its presence permits solu-
tion of the problem of spacecraft stability and controllability and makes it
possible to construct systems for control of angular motion which provide
acceptable (close to constant) quality of transient processes, despite the
very wide variation of the dynamic characteristics of spacecraft as the
control object.

In view of the fact that the space segments of the trajectories of many types
of circumterrestrial spacecraft are close to circular, information about
angles « and /6 is equivalent in most cases to the information ordinarily
used about pitch and slip (v angles. For example, the latter occurs
during manual control of the angular position of the longitudinal axis of

the spacecraft over a wide range of possible bank angles ¥ . Whereas engines
vhich creats a moment around the "lateral" axis of the spacecraft to control
angle {f at angles of ¥ close to zero and engines which create a moment
around the "vertical" axis at angles of ¢/, the engines exchange roles at
angles of ¥ close to 90°.
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This exchange considerably complicates both the cosmonaut's work during manual

contxol and the structure of the corresponding automatic control gystems. The -
indicated exchange of role of the engines does not occur when using angles

A and /6 as the control coordinates.

Systems for measuring angles &£ and /3 for atmospheric flight, based on re-
production by using models of pressure distribution on any spherical surface,
were considered in [1]. These models were equisectional potentiometers,
while the values of angles ® and /6 were determined by the voltage distri-
bution on the potentiometers by electromechanical tracking systems,

Further investigations, some results of which are outlined below, indicated
the possibility of using the ion flux distribution flowing around the spage=-
craft during circumterrestrial space flights to determine angles X and /g
and they also permitted development of algorithms for calculating angles

o and (3 on the basis of analyzing their corresponding distributions. These
algorithms are convenient for realization both by using specialized computers
and by using BTsVM [High-speed digital computer].

The shape of the nose cone in the form of a spherical element is feasible
in multiuse spacecraft and their prototypes to provide the best thermal

- conditions during atmospheric flight. In this regard, the pressure distri-
bution on the indicated element may be used to determine angles ¢of and /3.
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Figure 1. Relative Dynamic Pressure Distribution in Spherical
Element Cross-Section Passing Through the Critical
Point

As is known [2], the relative dynamic pressure distribution ®(§) at high

supersonic and hypersonic flight speeds represents an axisymmetrical surface

with maximum at the critical point -- a point where the free-stream flow is

normal to the surface of the spherical element. Relative dynamic pressure

is understood as the ratio of the dynamic pressure component at the current

point of the spherical surface located at angular distance § from the criti- -
cal point to the dynamic pressure component at the critical point. -
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Functions P(0) for different M numbers are shown in Figure 1.

Let us use the rectangular coordinate system OXYZ (Figure 2), whose origin
coincides with the center of a sphere, and whose axes OX and OY are pavallel
to the longitudinal and vertical axes, respectively, of the spacecrai:, as
the reference system.

Let us additionally denote by 0y and @, the angular distances from axis OX
of the meridional projections of the flowing point of a spherical surface
onto planes OXY and OXZ. e

Figure 2. Adopted Coordinate System

If distribution P(f) at angles & and p equal to zero is taken as the base
(the critical pojant coincides with the longitudinal axis of the spacecraft),

- the surface of P{f) will be shifted in coordinates 0, and ¢, upon the
appearance of K and ﬂ not equal to zero (Figure 3). In this case the angu-
lar positions fym and § zp of the maximum relative dynamic pressure distri-
bution curves for the cross~sectional lines of the spherical element by
planes OXY and OXZ are related to « and ﬂ in the following manner:

a= Oym' (1)
B = arcsin cos0,  sinQ,
V1—sin®0,, si?e,_ - (2)

During atmospheric flight, usually ﬁ and accordingly § zm & 10° and instead
of (2) one can use expressions

p=0,,c080,, or P[=0m. (3)

As is known, besides neutral gases, the atmosphere contains a significant
quantity of ionized gases in the range of altitudes from 50-80 km to several
thousand kilometers. The charged particle concentration at the same altitude
depends on the geographic location, time of year and time of day, solar
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Figure 3. Spatial Relative Dynamic Pressure Distribution in
Coordinates {y and 0z

activity, the earth's magnetic state and a number of other factors and may
vary hundreds and thousands of times. An example range of variation of
positive ion concentration, obtained as a result of generalizing data of
more than 20 investigations of different authors carried out during dif-
ferent years and by using various apparatus (H is altitude in km and N is
the number of positive ions in cm=3) is shown in Figure 4.

It should be noted that very significant variation of ion concentration (10-
100 times) may occur during orbital flight within comparatively short time
intervals (minutes and tens of seconds). Due to the smallness of spacecraft
dimenslons compared to the distance covered by them within an indicated time,
let us further assume that the ion concentration varies synchronously over
the entire spacecraft surface.
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Figure 4. Dependence of Positive Ion Concentration on Altitude

Since the mean velocity of the thermal motion of molecules and also the
- velocities of the jet streams (ionospheric drifts) are significantly less
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than the spacecraft flight speed, the jonosphere may be assumed "fixed" and
one can judge the angular position of the spacecraft toward the velocity
vaector by the direction of the free-stream ion flow with renpect to the
spacecraft-bound axes [3],

The dependence of the number of trapped particles on the angular position of
the ion trap axis 0 to the spacecraft veloclity vector, the same as Y |
is an axisymmetrical surface with maximum at a point corresponding to @ = 0.

If the current of a cylindrical ion trap (TsIL) is denoted by I(0) with the
arrangement of its axis along the flow, and if the current during inclina-

tion of its axis by angle 0 to the flow is denoted by 1(0), the relative

current of the TSIL does not depend on ion concentration and is determined

by the expression

19 —:—[—(—7= 030 (nrcur;-—— ~—-1/ d_ >. (4)

where d is the TsIL diameter and ¢ is the shift of the flow passing through
the input grid with respect to the cathode (Figure 5).

The value of ¢ in the general case depends in a very complex manner on the
design and potentials of the TsIL electrodes,* angle 0§ and also on the
- kinetic energy and charge of the ions.

In the case of the simplest two-clectrode TsIL (the input grid of the

cathode)
__hl‘wm"ﬂ
Y rew i)

where h is the length of the TsIL (the distance between the input grid and
cathode), T = mv2/2 is the kinetic energy of the particle (it is equal to
approximately 7.2 av at flight speed of 7.2 km-sec~l), q is the particle
charge and Uk is the cathode potential.

As will be shown below, traps with a static characteristic I(8) in the form
of two linear segments are preferrable for purposes of measuring angles o
and () . Therefore, the use of a two-electrode trap is not feasible since
function I(0) is very curvilinear in this case.

*The potential of the input grid, usually equal to that of the spacecraft
surface, does not exceed 4-8 V and is essentially unreflected in the tra-
jectories of Of ions, which comprise the main part of the positive plasma
ions. This potential will subsequently not be taken into account.
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!\P

Figure 5. Diagram of Cylindrical Ion Trap: 1 =~ cathode; 2 ==
control grid; 3 =-- input (aperture) grid; 4 =- reflec-
ting grid; 5 =-- equipotential gap; 6 -- overlap area

An acceptable form of the characteristic I(0) can be found for multielectrode
TsIL with corresponding selection of their design parameters and grid poten-
tials. The value of ¢ is determined in this case by the expression

= .1'8in20 ey -
¢ q ['U',T"(1 + 7'«::!0 )‘*‘

K=t
he, A 9 XU, (6)
+& (e ——)(+—-m-)-a~]

=
l
U(
0 Stz
+ M )

where n is the number of potential trap electrodes (the input grid i1s assumed
to be zero), hi is the distance between the grids of the i-th potential gap,
hg is the distance between grids of the i-th equipotential gap (following the
i-th potential), Uy is the potential increment in the i-th gap and 1 is the
number of equipotential gaps (the equipotential grids do not follow each of
the potential gaps).

The formula expresses the total ion deflection in the potential and equipoten-~
tial gaps. The first potential gap and so on is located behind the input
(zero) grid.

Function T(B ) for a three-electrode trap (grid-grid-cathode) is presented
as an example in Figure 6.

An increase in the number of electrodes permits control of the static charac-
teristics of the TsIL over a wide range.
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Figure 6. Dependence of Relative TsIL Current on Angular Position
of Its Axis to Velocity Vactor

Two rows of drain openings on the spherical element may ba used to measure
angles & and during atmospheric flight (Figure 7). The openings arranged
on the cross-sectional line of the element by plane OXY serve to determine
the angle of attack, while those arranged along the cross-sectional line by
the plane normal to plane OXY and passing through the center of the sphere
at angle ¢ to axis OX are used to measure the slip angle. Angle ¢ is
selected from the condition

_ Baac tlmin

; ) 7

where Xpay and A pypn are the maximum and minimum anticipated angles of
attack.

In the general case there should be several planes of arrangement of the
drain openings with large variations of angles & and /3. However, taking
into account the fact that usually angle 4 < 10° and [P - &| < 20-25°
during atmospheric flight, the two planes indicated above are sufficient.
In this case a slight mutual effect of angles « and /3 on f:he accuracy of
their measurement and the corresponding pressure distributions in the
cross-sections are provided.

Figure 7. Diagram of Arrangement of Drain Openings
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A block diagram of an analog-logic computer and angles (/5) is shown in
Figure 8.

A number of values corresponding to the discrete values of the difference
static characteristic P(8) - P(4 + A), A is the angular distance between
the openings connected to one sensor, selected in the range of 60-75° accor-
ding to (1}, is taken from the differential pressure sensors connected by
channels to the drain openings.

Characteristic P(f) = P(f# - A) is shifted with variation of angle o in

coordinates Gy and therefore its zero corresponds to the angle of attack.

It is obvious that the value of the angle of attack can be found as the sum
of values of the intervals of sensor arrangement to the interval where the

characteristic passes through zero and of the addition (Figure 9)

= U

6:—-«—-—-—.—.
Usiy=Uyg, '

(8)

where A is the angular interval between the drain openings, U zi+1 is the
value of the sensor signal corresponding to the right boundary and U 5iis
that corresponding to the left boundary of the segment on which the charac-
teristic passes through zero.

In this case

= m), 4~ 6,
a =a m) -} (9)

where m ls the number of entire intervals to the segment where the charac-
teristic passes through zero.

The logic part of the diagram, consisting of relay and logic elements, deter-
mines the interval on which the characteristic passes through zero and con-
nects by means of keys the sensor signals corresponding to the working
section to the computing circuit 8 and a signal is fed simultaneously from
the voltage divider to the output adder S, corresponding to the whole number
of intervals to the interval where the characteristic passes through zero.

The calculating algorithm c((/ﬁ) is realized in the following manner with
the presence of a BTsVM on board (Figure 10,

Signals from the sensors are converted to digital code in the analog-code
converter (PAK) and are fed into the BTsVM, where the angle of attack (slip
angle) is determined by the algorithm considered above.

puring atmospheric flight, the dynamic pressure and during space flight the
ion concentration vary over a wide range and synchronous automatic regulation
of amplification is required to maintain a:ceptable accuracy characteristics
of the sensors and of the entire system. This regulation is accomplished by
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Figure 9. Determination of Addition 5

feedback along the angle of inclination of the working section of the dif-
ference characteristic

U:l - USE»!

K =2 =, (10)

The effect of the algorithm on the boundaries of the working range is also
expanded where angles « ( /3) are determined by the signals of the extreme
left and extreme right sensors by interpolation.
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In the case when abgolute pressure sensors are used, the circuit must be
supplemented by adding elements which make it possible to obtain signals
proportional to the difference pressure and the angles of attack (slip
angles) are subsequently determined by the algorithm presented above.

Due to the validity of Newton's theory of flow during space flight (1f the
TeIL is not shaded), the relative ion distribution I(0) of the TsIL is
determined, all things being equal, only by their angular position to the
velocity vector. Therefore, during analysis it is convenient to assume
that the TsIL are located on some sphere with axes of sensitivity directed

toward its center.

Ramvyuwu (1)

[ Rowwyriamop (2) ]

¥ womas prme aay

,h{ Cpectl2) Somuts tuinanrst (B)
[T Pliretg; inteow ¢ demvonot (ST
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Figure 10. Algorithms for Determining &

KEY:
1. Sensors 6. No
2, Commutator 7. Yes
3. Regulator 8. Left boundary
4. Signal recording 9. Right boundary

S. From sensors
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Wwith an increase of the measured range of angles when the mutual effect of
angles & and on measurement accuracy is significant, the measuring meri-
dian must be rotated immediately after variations of angles ¢( (or /3 ) to
eliminate the indicated effect, which requires both an increase in the number

- of T8Il and in developing problems related to their arrangement and connec-
tion.

One can name a humber of methods of arranging the TsIL on a spherical surface
at angles of different grids: latitudinal-latitudinal, meridional-latitudinal,
meridional-meridional, at the vertices of spherical triangles and so on, but
they either have regions with nonuniform distribution of sensors or compli-
cate the signal processing circuit,

: Figure 11, Diagram for Arranging TsIL

- We feel that the best variant of arranging the TsIL is at the nodes of inter-
saction of the meridional grids with the mutually perpendicular polar axes
(Figure 11). However, the entire sphere is divided into six sections corre-
sponding to the side of a spherical cube and the center of each side is
used as the pole for the meridians of conjugate to eliminate the
effect of the meridian convergence factor when the sensors are located near
the poles (Figure 12).

The problem of the computer in this case is to f£ind the corresponding mea-
- suring quadrant, to select the measuring meridians in the found quadrant
and then to calculate angle C((gﬂ) by the signals of the measuring meridian
sensors. The search for the quadrant (Figure 13) in which the maximum sur-
face I(8) is located can be carried out, for example, by reselecting the
sum of signals of sensors located at the vertices of spherical quadrangles.

Selection of the measuring meridian within the found quadrant can be organized
in two ways. The first method includes the fact that the meaéuring meridians
for the slip angle are connected by the signals from the angle of attack com-
puter. The second method includes the following. Since the signal level of
the measuring meridian sensors passing near the critical point is greatest,
then, having omitted the sensor signals through the diode matrix, we will

have signals on its outputs corresponding to the desired meridian.
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Figure 12. Twice-Meridional Grid on Spherical Cube

;\ .
Angles K and /A for the signals of the measuring meridian sensors can be
found by thedglgorithm presented above for the case of using absolute pres=-
sure sensors.

3
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Figure 13. Determination of Optimum Number of TsIL

Since a minimum of 4-5 sensors is used in calculating the precise value of
the angle of attack by the method indicated above, one or two of its working
sections are located in an adjacent quadrangle (quadrant) upon shifting of
the difference curve along the measuring meridian toward the boundary of the
quadrangle, although the zero of the difference characteristic has still not
passed the boundary of the measuring quadrant. Therefore, it is necessary
that the measuring meridian continue beyond the limits of the quadrant. It
is also necessary that the sensors on the measuring meridians be located at
approximately equal angular distances. The latter leads to installation of
additional sensors located other than at the nodes of twice-meridional grids
(they are noted by crosses in Figure 13).

The desire to reduce the number of TsIL required for measurement leads to the
necessity of expanding the working range of their static characteristics,
which in turn causes a reduction in the accuracy of determining angles & and
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As an example let us consider different variants of dividing the sides of
a spherical cube for the case of circular measurement of angles & and /3.

If the sides of the spherical cube are divided by measuring meridians into
three, four and five parts (see Figure 13), respectively, 104 TsIL (56 main
and 48 auxiliary) are required in the first case, 146 TsIL (98 main and 48
auxiliary) are required in the second case and 344 TsIL (152 main and 192
auxiliary) are required in the third case.

Since the static characteristics of I(f) near 0 = 0 are significantly non-
linear, the most linear parts shifted (by one-two intervals) from the origin
must be taken as the working segments. Moreover, no fewer than three sensors
must be located simultaneously on the linear segment. This is necessary so
that the two other sensors connected to the computer correspond to the linear
segment upon descent of one of the sensors onto the nonlinear segment. Thus,
the working range of characteristic Lp consists of a linear segment measuring
L = 2A on the left branch of characteristic I(0), the same segment on the
right branch and a nonlinear segment having length Ly = (1-2)A

Ly = (5-6)* (11)

For the considered variants of dividing the sides of a spherical cube when
the angular distances between nodes (at which the TsIL is located) comprised
30, 22.5 and 18°, respectively, a TsIL is required with value of the working
range of 90, 120, 67.5~90 and 54-72°, respectively.

If the measurement errors of the TsIL are taken as 1 percent, then as indi-
cated by analysis, the mean errors of measuring angles & (/}) caused by TsIL
errors comprise 0.7, 0,55 and 0.45°, respectively, at the indicated values
of the working ranges.

Thus, a sharp increase in the number of sensors in the third case yields a
very insignificant advantage in accuracy and the second variant of division
is apparently more preferrable.

The outlined principle of measuring angles  and /3 permits one to obtain
information about the indicated angles at practically any stages of flight,
both atmospheric and space, of circumterrestrial spacecraft. Moreover, only
part of the general algorithm which permits circular orientation during
space flight is used during atmospheric flight.
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GEOPHYSICS, ASTRONOMY AND SPACE

A NEW METHOD OF SYNTHESIZING ARTIFICIAL MOTION AND ITS APPLICATION TO
LOCOMOTING ROBOTS AND MANIPULATORS

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
I MANIPULYATORY., TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pp 107-114

[Article by M. Vukobratovic, D. Hristic, D. Stokic and N. Glahazic, Yugoslavia)

[Text] . The main difficulties which arise in solving problems of controlling
complex dynamic systems are related to their high dimensionality. The tradi-
tional trend here is to linearize equations of dynamics with subsequent de-
composition of them. In this case any differentiation of equations of dyna-
mics usually leads to introduction of additional conditions and relationships,
while variation of the operating mode of the system is accompanied by a de-
crease of solving accuracy.

When investigating most control systems, main attention is devoted to study
of quite specific operating states or modes of both the system as a whole
and of its individual parts. Based on the given states of individual sub-
systems of the investigated system as a whole, one can approach solution of
the problem of reducing dimensionality in a new manner. In this case only
part of the dynamics of the system not encompassed by the characteristics of
the given state remains open to regulation. The required compensating ef-
fects on the given (known) characteristics are then organized by using the
regulated part of the system.

Introducing the concept of nominal dynamic operating mode of the system
forces one to consider the problem of the optimum solution (control) obtained
for a complex multiconnected system. Thus, for example, redundancy of several
mechanical systems is provided due to additional conditions of optimality,
realization of which, however, is not always possible. In most cases the
solution is found here in the range of "pure" control problems. A vivid
example of realizing inconvenient conditions of optimization is various
walking systems. A convenient mathematical model for these systems is dif-
ferential equations of a complex pendulum system. In this case, specifically,
the motions of the supports are assumed strictly monotonic.
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Optimization of the motion of a walking system from the condition of some
energy criterion (for example, a minimum moment of motion) presents a special
problem of synthesizing control of motion of the indicated system. The
attempt to realize a system of some kinematic program which seemingly realizes
the special criterion of some global criterion of optimality as the law of
control of motion is also quite appropriate. Hence, two stages can be deter—
mined in the procedure of synthesizing the control of motion of a walking
system: selecting the control for the nominal dynamics of the system and
correcting this control with regard to the effect of large disturbances.

Both indicated levels can be determined in problems of controlling very
diverse biological systems.

Among the variety of various types of motions made by living organiems, the
walking method of locomotion is one of the most convenient for reproduction
in artificial systems. The possible mathematical model of this motion is
description of it by means of some conditions of stability of the dynamic
system in the field of forces acting on it., Moreover, these conditions vary
accordingly during motion. Analysis of the relationships between the force
field and the conditions of stable motion determines their ambiguous nature.
This is related to the fact that solution of the second-order differential
equation which determines this relationship depends on two initial condi-
tions (integration constants). Therefore, information about variation of
integration constants must be used in the control law to organize stable
motion of the walking system. This relationship has been named the second
signal system.

Any variation of the initial conditions causes the required variations of
the forces of the servo organs with subsequent correction of the law of
control. The first level of the law of control (the level of nominal dyna-
mics) provides stable repetition of phases of the selected type of motion

. in this case. The main difficulties of design are related here mainly to

- developing a high-speed small control digital computer. And since a real
walking system (for example, a robot) is a nonlinear dynamic system of high
dimensionality, the level of nominal dynamics in the law of control is most
effectively represented by a set of algorithms which determine the different
types of motion.

The second level of the law of control (adaptive) is called upon to work

out the necessary correcting signals coming into the servo mechanisms upon
variation of external conditions. Variation of the initial conditions for
nominal modes leads to the appearance of additional relationships in the law
of control which stabilize the "nominal" motions. Upon variation of the
external conditions, similar to living organisms, any variation of accelera-
tions, position or speed of motion of a walking system causes corresponding
compensation signals in the control system. The latter in turn create the
required controlling moments. '

The general diagram of a system for controlling the motion of a robot is
presented in Figure 1. Let us write the equation of motion of this system
in the following vector form:
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E=f( )+ BE yU, (1)

where £ is the n-dimensional vector of state, f(é’ ¢ t) is the vector-function
of dimension n x 1, B(£, t) is the matrix of constant numbers of dimension

n x m and U is the m-dimensional vector of the input effects. In this case
let us consider the general case of the control problem when the input and
output signals of the system are not completely determined. Let us denote
the known components of vectors U and £ by Ug(my x 1) and £g(ny x 1), re~
spectively, and let us denote the unknown components of these same vectors

by Uy(mz x 1) and é“x(mz x 1), whexe m; + m3 =m and n3 + ng = n.

Figure 1, Stabilization System: 1 -~ programming device; 2 --
servo devices; 3 -- robot; 4 ~-- sensors; 5 -- criterion
of quality; 6 -- calculation of correcting moments;

7 -- new law of control

Let us then introduce the constant matrices P and R, related by the relations

(PoPa1 {52} = {ﬁ°}§={§— » @)

| BoiBy]
[,’:1 ] [BE ] [Po} Ps] = [.B..,:,_éf,]' o
x0 |

where matrices Bpg,xx,0x,x0 have the following dimensions:
Boy—nyxmy;  Bye—ny#ms,  Bygy— ngXmy; By —ngXma

Let us divide system (1) into two subsequent subsystems:

(o) = {fo (& ) + [Bool {Uo)} + [Boed (Us), (4)
(gx) = {fx (E' t)} + ‘onl {UO} -+ [Bxx] {U,), (5)
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where
Ry = [fo&0,
[-,;;]f(%. g ={ ol |
(6

and fo(ﬁ, t) is a vector-function of dimension n} x 1 and fx(£ , t) is a
vector-function of dimension nz x 1.

We note that solution (4) determines the significance of the unknown vector
Ux for us

(Us} = (Bes] [Baal™ [Bas]T (4o} — (o & ) — [Bol (U} .

. provided that matrix [Bgyx)T[Bgyl is not identical. Substitution of (7) into
(5) then leads us to the equation with respect to the unknown

(B} = (<& 0} [Buo) (U} + [Bax] ([Boal™ [Bosl™ X

(8)
X [BeelT ({fo} — {fo (&, 1)} — [Bool {Uo})
and subsequent solution of algebraic subsystem (7) permits us to calculate
the value of vector Uy. Thus, the system of equations (7)-(8) describes the
procedure for synthesizing the nominal dynamics. The nominal trajector can
be synthesized by using the procedure of synthesizing a linear optimla regu-
lator [1}. It is obvious in this case that the synthesized linear regulator
provides the required quality of stabilization processes in some vicinity of
space with respect to this trajectory, which we denote by 20, 1In similar
fashion we determine the working zone for the nonlinear regulator (E9), out-
side which the nonlinear characteristics already have a significant effect
on the regulated process. Let us now turn to some region of the space of
states :

E* = EoﬂEﬂ’

for which

IE@O—B@I>0, t—o0, Elt)&EE

and some trajectory of reverse transfer of system 4P from a disturbed to a
nominal state.

As already noted above, we shall consider a class of systems with limited
number of operating modes (trajectories). To supplement this, one can indi-
cate systems which accomplish direct compensation of large disturbances in
some region of the space of states || £RA(t) - §0(t)] < £, which permits
formulation of programmed trajectories from the conditions of stability for
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- them. Consequently, if any disturbance aotiny on the system leads it to one
of regions EY, the problem of the regulator is reduced in this case to selec~
ting the programmed trajectory which corresponds most to this ragion of dis-
turbed state, In this case the volume of required calculations is very
moderate [2, 3).

The criterion for selecting the programmed trajectory, which corresponds to
state &r(to), is the minimum expression by number j

J= =t e Ve~ =00k (9)

i=)

If the set of programmed trajectories can be represented in the function of
parametric vector p(pl, ..., py)T, where r ¢ n, the selection process can

be considerably facilitated by identification of the parameters of each tra-
jectory. 1In other words, the problem reduces in this case to calculating
the vector during minimization of our criterion:

(10)
Widpy=0, j=1,...,r
The calculated vector pR also determines the new trajectory of Z A, corre-
sponding to the state of the system A’(to). Since vector { contains n com-
ponents and since it is a function of different parameters, also including
the time here, difficulties arise in remembering all its possible values.

Summarizing the foregoing, let us note the main features of the outlined
synthesis procedure. The state of the system should be described in the
function of its number of parameters and time. The state of the system is
checked by two circuits:

1) the circuit for controlling the nominal dynamics by using an optimum
linear regulator for decomposition of the system into individual circuits
regulated by means of simple feedbacks;

2) a circuit of large disturbances where some programmed trajectory most
closely corresponding to the new state of the system is selected.

A number of examples of investigating compiex systems is considered below.

Controlling the motion of a two-support robot. By its nature, the problem
of synthesizing the law of motion of an artificial system is related to the
range of problems of combined control since first, one must determine the
controlling moments for each support. This follows from the fact that the
dynamic responses of the supports may be regarded as the external effects

on the mechanism. The resulting forces of responses of the support and of
the locomotion surface are calculated at fixed points of the trajectory of
motion. These points are characterized by a zero moment of resulting forces
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and also by altered form of the equations of dynamies. 'Thus, we can selact
the trajectories of motion of points with zero resulting moment, also charac=-
terized by zero moments with respect to the points of articulations of the

= movable elements of the robot structure (Figure 2). 1In this case the con-
trolling moments Mg are also zero moments, while the differential equations
of dynamics assume the form

(Ex} ={fs (& )} 4 [Bee) ([Box]T (Boxrl lBoxlr ((go) - Uo(au M. (11)

The space of unknown components of the equation of dynamics (fx} describes
the compensating components requiraed in this case to maintain a stable state
and to accomplish equal motion or free movement of individual sections. Con~
sidering steady motion, we find that the parameters of state at the initial
and final points of the step are unknown. These parameters can be calculated
by using the following conditions: the value of the angular coordinates and
their derivatives are equal at the initial and final points of the step, i.e.,

E() = E(0), (12)

£(r) = £ o), (13)

where T is the period of the step. Thus, equations (11)-(13) permit one to
calculate the compensating moments for the considered system.

Figure 2., Points of Joining the Structural Elements With Zero
Moment of Rotation: 1 ~-- structural elements; 2 --

joints

The second important problem of stabilizing the motion of a two-support ant..ro-
pomorphic system is solved by using the adaptive level of the hierarchical
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structure of the law of control, The purpose of the stabilization mode is
to return the disturbing parameters of the system to some nominal values.
The specific characteristic of the problem of stabilizing the motion of a
two-support robot is also the presence of additional degrees of freedom in
the circuit of the control system, which are two angles of deviation of the
supports in the longitudinal and transverse planes, respectively, with re-
spect to the plane of motion. Additional global feedback, which encompasses
the existing local feedbacks, is organized to control these coordinates in
the system.

Since the most interesting in the stabilization problem is the case of large
disturbing effects, let us dwell in somewhat more detail on it. When iden=-
tifyicy the current state of work, the greatest difficulties are related to
determining the parametric vector pP, by means of which the nominal mode may

be specifically described. For example, the uniform motion of a robot may

be characterized sufficiently fully by variation of two of its parameters:

8 == the relative length of the step and T -- the pariod of the walking motions.
Let us consider the example of one simple type of motion with nominal trajec-
tory £0., Let us characterize the set of possible states by the equation

Ba(e) = sk (UT), (14)

where d is the index of the lower (support) part of the structure. By varying

parameters s and T, we find a set of curves which characterize the state of

the system as a function of these parameters. The following coupling equation
1 between parameters s and T is valid for the remaining part of the structure:

§ =8+ B,(s — s0) - Br (I' = T9), (15)

where coefficients Bg and By are calculated by the criterion of the minimum
quadratic error. Substitution of (15) into (9) with subsequent fulfillment
of conditions (10) leads to the following expressions:

a,s -+ a:zT = b]p as + ﬂng = ')3, (16)

where aj1,12,21,22 are functions of coefficients Bg, Br, by, bz, i.e., func-
tions of the parameters of state. Equations (16) permit us to determine
point A close to the true position of the depicted point in the space of
states of the system. The analytical procedure indicated above was checked
by the digital modeling method with selection of the nominal state.

Let the motion of a robot be along trajectory No. 1 (Figure 3) and be sub-
jected at interval t/T = 0.7 to the effect of a disturbing impulse calculated
by means of a gyroscopic system. The new values of parameters s and T are
then calculated by expression (16) with regard to the coordinates of the
nominal state of the system. These parameters also determine the disturbed
state of the system.
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Figure 3, Ideal Trajactories of Motion of Elements of the Upper
Part of the Structure (Dashed Lines); Transition to
New Trajectories With Disturbances (Solid Line): a =-
angles of deviation in transverse plane; b =-- angles
of deviation in longitudinal plane

The digital computer-calculated values of parameters s = 0,4 and T = 0,5 for
the considered example, which determined the state of the system close tu
mode No. 4, are presented in Figure 3. This transition of the system from
one state to another is noted by the solid line in this figure. The coor-
dinate disturbances used in our example are more illustrative in nature
since they leave the system in some region of its permissible states. It is
obvious that in practice we may also encounter more severe situations when
the system goes beyond the region of permissible states.

Control of anthropomorphic manipulators. In this case the nominal mode is
that of reaching the goal and maintaining it, whereas the compensating motions
are accomplished to solve special problems of manipulation. Hence, the pro-
blem of controlling anthropomorphic manipulators can be solved in two corre~
sponding coordinate spaces, in the first of which the working zone is achieved
and in the second of which problems of manipulations themselves arc terminated.
According to the foregoing, the following hierarchical levels can be deter-
mined in the control circuit of an anthropomorphic manipulator: the level of
nominal dynamics with motions of the system of minimum complexity and the
level of disturbed modes with motions of the compensating part of the system.
A minimum structure with the required kinematic and compensating circuits

can be determined in the kinematic circuit of the structure. The latter
provides the degrees of freedom missing in the minimum structure in the
system.

It is known that a structure with three degrees of freedom permits one to
achieve an arbitrary point of space whose position in the Cartesian system
can be characterized by three angles. The trajectory of motion of a manipu-
lator in space may have an arbitrary form, essentially unrelated to its
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kinematic circuit. 1In the general case the position of the working point in
space can be determined by using the following implicit form:

2 = fi(Dy, My Dy),  y o= folftDy, hy, D), 2= [y (D, Dy, By), (17

and the equation of motion of the extremity for asmall increments is written,
respectively, in the form

2l o1 ol .

%T) AO‘B%D.‘*- (m) AQ(B&. -{— (-575‘-) Am(gg" s éq (AI, Ay, AZ)T’ (18)
of

[A](AD,, Ay, Athy) == (Ar, Ay, A2)T, 4y = TJ,“ t1=1,23 (19)

A rather wide class of problems of manipulation can be adequately described
by using these equations for some baseline structure of a manipulator and
the necessary controlling moments are calculated [4-7}. Since the baseline
structure of the manipulator usually does not provide total solution of the
posed problem, additional devices are used in the structure which permit one
to achieve, for example, operation with a grasped object. The dynamics of
these specific problems are taken into account in the general system of
differential equations by means of conditions of form

,(po' ﬁ‘?o) =, (20)

where Py is the force of inertia of the object and My is the corresponding

moment of inertia. It is obvious that the dynamic conditions of this type

may be reduced to purely kinematic limitations. Without regard to slipping
between the object and the grasping device, the expressions for determining
the inertial forces and moments include a sufficiently large number of para-
meters

7' F'B = ml (a)u (D‘-v (i')l (b’l (b'; RE! :‘f’ ')v

A o= ‘Da(@v )u (ﬁo (D.q ®" dj‘u j—iﬂgl‘ (21)

where ¢ are the generalized coordinates of a structure of minimum complexity,
¢* are the generalized coordinates of peripheral devices and RE and MRE are

the resulting external forces and moments. Continuous solution of equations
(20) and (21) for measured values of RE and MRE permits one to calculate the
required compensating forces and moments, i.e., to synthesize the adaptive

level of control. 1In this case the indicated synthesis procedure is consi-
derably simplified if the parameters of the right side of (21) are measurable
and controllable. This goal is achieved, for example, by installation of the
necessary sensors on the grasping device. The conditions of mutual compensation
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(equilibrium) of forces and moments acting on the object are the following
algebralc equations:

Fask- By o+ B(= Ry + 5 1 =0, Ty Nt x (=~ ) + 51 ~ o, (22)

where 31 is the force racorded on the l-th sensor, ?bl is the gravity compo-
nent directed toward this sensor, ¥, is the gravity of the object and 1 is
the n- ‘ber of sengsors. It is then simple to calculate the values of ¥y and
Mo ana also the corresponding increments AFp and AW, for the measured
values of ). They can be compensated by additional connections in the con-
trol circuit,

Let us consider the dynamics of the manipulator during “"drinking" as an
example of one manipulation problem. Providing motion of the glass parallel
to the vertical axis, we thus achieve a zero moment of inertial forces. A
number of simple constraints in this case ensures nonspilling of the liquid.
For example, conditions (20) are written here in the form

Ai?'.’-:o.ll:'.o|<'l"l. 2‘};01)"(——-1.7’.):0’ (23)

where | F | is some maximum value of force. The second constraint concerns
that of the rate of moving the glass. The third condition provides a zero
value of the resulting angular velocity and acceleration of the glass, where
B* is the required reaction force during grasping of the glass. If condi-
tfon (23) is unfulfilled, it is simple to calculate the necessary condition
of compensation.

The considered problem was investigated experimentally by mathematical
modeling methods. Specific difficulties in synthesizing the controlling
moments are related here to the need to strictly maintain a vertical position
of the glass during its equally accelerated and equally retarded motions.

The minimum value of the controlling moment is limited by the value of the
inertial force of the glass with the liquid. It is difficult to achieve a
satisfactory solution of this special problem with a simple configuration of
the manipulator.

Conclusions. A method of synthesizing the nominal dynamics of an object
having excess degrees of freedom during partial uncertainty of it is outlined
in the paper. The term "given dynamics" may be interpreted here as the con-
ditions for simple efficiency of the system. A large number of interesting
analogs to these conditions can be found in biology. Described in mathemati-
cal form as constraints, these conditions are essentially some criterion of
optimizing the motion of the considered anthropomorphic manipulator. Thus,
by studying the motion of a two-support robot, the condition of its stability
can be written in the form of zero equality of the total moment at the points
where the supports touch the surface of motion. Although the formulated pro-
blem as a whole is known in control technology (this is especially true of
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control of mobile objects), the distinguishing feature of the considered
postulation is, we feel, the partial uncertainty of the nominal dynamics of
the object and of the controlling moments. A significant feature of the
considered postulation is also the need to identify the working mode in case
of its large deviations from nominal values. To determine the range of
daviations of paramaters, continuous variation of the vector of states per=-

mits one to compare the real trajectory of the system with the closest
nominal trajectory, whose parameters are placed into the memories of the
control computer. We feel that the approach considered here to synthesis
of control of a complex mechanical system using a digital computer is pro-
mising.

1.

2,

3'

4,

5‘

6

.

7.

BIBLIOGRAPHY

Letov, A. M., "Analytical Controller Design," AUTOMATICS AND REMOTE CONTROL,
Vol. 21; Nos., 4' 5 and 6' 1960’ vol., 22' No. 50

Vukobratovic, M. and D. Stokic, "Dynamic Control of Unstable Locomotion
Robots," MATHEMATICAL BIOSCIENCES, Vol. 24, 1975,

Vukobratovic, M. et al., "Algorithmic Control of Assistive Devices for
Severely Handicapped Persons," Proceedings of the Fifth International
Symposium on External Control of Human Extremities, Dubrovnik, 1975.

Vukobratovic, M. et al., "Development of Active Exoskeletons," MEDICAL AND
BIOLOGICAL ENGINEERING, January, 1974.

Vukobratovic, M. et al., "Analysis of Energy Demand Distribution Within
Anthropomorphic Systems," TRANS. OF THE ASME, JOURNAL OF DYNAMIC SYSTEMS,
MEASUREMENT AND CONTROL, December, 1973.

Vukobratovic, M., D. Stokic and D. Hristic, "Dynamic Control of Anthropo-
morphic Manipulators," Proceedings of Fourth International Symposium on
Industrial Robots, Tokyo, 1974.

Vukobratovic, M., D. Hristic and D. Stokic, "Algorithmic Control of
Anthropomorphic Manipulators," Proceedings of Fifth International Symposium
on Industrial Robots, Chicago, 1975.

COPYRIGHT: Izdatel'stvo "Nauka", 1978

6521
CsO: 1870

57

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

_ GEOPHYSICS, ASTRONOMY AND SPACE

SEMIAUTOMATIC MANIPULATOR CONTROL SYSTEMS AND COMPUTER INVESTIGATION OF
THEIR DYNAMICS

- Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIRH APPARATOV. ﬁOBOTY
I MANIPULYATORY., TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pp 115-123

[Article by V. S. Kuleshov, A. G. Leskov, V. S. Medvedev and A. S. Yushchenko,
USSR]

[Text] 1. Methods of semiautomatic control of manipulators. Selecting the
method of manipulator control is determined by the class of working opera-
tions for performance of which it is designed. The most widely used for
semiautomatic control systems is the high-speed method [1]. Control is
accomplished by using special levers having 3-6 degrees of freedom (2]. The
deviation of the lever determines the speed of rotation or the forward motion
of grasping and the related object of manipulation. In combination type
systems, the operator can assign the required orientation and position of the
grasp in space and also some of the simplest operations from the computer
control console.

The force-vector principle of control may be used in those cases when it is
required to control the extent and direction of forces and moments applied
to the object of manipulation [3, 4].

When performing operations which require precise positioning of the object
of manipulation or of the working tool, the copying principle may be used in
semiautomatic systems, However, the use of a computer significantly alters
its realization. The kinematic diagram and geometric dimensions of the con-
trolling member are now determined by the dimensions of the working zone and
by ergonomic requirements; the kinematic diagram of the servo member may be
different. Unlike copying type manual control systems [5], reproduction of
the positions and orientation of grasp in semiautomatic systems does not re~
quire reproduction of the relative coordinates in slave member mobility. To
emphasize this difference, let us call these systems semiautomatic position
control systems. If there is a force reflecting channel, the computer per-
mits highly accurate reproduction of the forces on the control member acting
on the object of manipulation and relieves the operator of perceiving the
forces causes by the mass of the manipulator.
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Each of the enumerated methods of control is effective only when performing
a specific class of operations. In this regard, different methods may be
combined during development of gemiautomatic manipulator control systems.

Figure 1

2. The dynamics of manipulator control systems. Let us consider the equations
of manipulator dynamics and some algorithms of semiautomatic control using
computers and let us compare them.

The slave member of the manipulator consists of sections connected in kinema-
tic pairs which form an open kinematic chain (Figure 1). Let us denote the
unit vectors of the rotational pair and sliding pair axes by ei and hj, the
moment or force developed by the servo drive of the i-th palr as a function
of the type of pair by Qi and Py, the weight by Gi, mass by mi, the vector
of the main moment of inertial forces of the i~th section during rotation
around the center of mass by Mj and the vector of total acceleration of the
center of mass of the i-th section by wj. The vectors of the external force
Fy and of the external moment M, are applied to the center of mass of the
last n-th section. Let us consider this section jointly with the object of
manipulation.

The motion of the mechanism is described by the following equations of dyna-
mics [6] in projections onto the rotational pair axes:

Oty ot [Mat BinxFat 3} M+ Ripm X (G = o)1, =0,
p=1,..,1;

59

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

and in projections onto the sliding pair axes:

n
P +[F.+ 3! (a,,,-m,,.wm)]h, =0, re=d,...k ktl=n
r m‘,r r

Let us subsequently make use of the matrix notation of these equations
[QP] + [(Fy — myw, + GniMy+ M, A4 [G—=mw{M°B =0, (1)

where [QP] = [Qil...Qilel...ij] is the [1 x n] vector, [Fy =~ my, wpy +

+ anMv + Mp) is the [1:6]) vector and [G} - mw)...Gp-1 - “‘n-lwn-llnl-‘-Mn-l]
is the {1 x 6(n -~ 1)) vector,

4 =[‘(|XR4|.'\ chxnil.""'el‘lel.ﬂ hil h.fl""‘lk]
'

h &, s C“ 0 0...0

2 =[Bu Bu\]'

Bn 0

Byj, B12 and Bpy are matrices consisting of the following columns:

[ 0 ) [0 [ 07
0 0 0
h; =, I
Bu=| %Xt |, By=|%|, Bu=|"%], f__ 1' ' k"
e, X Ry ipn 4, h, T
Leip X Rypnes | Ly ] N LT

po |t if i<<n—1, k,_{k if h<Sn—A,
“lU—1 1f 4=n “l=1 1f jr=n;

the number of zero components in each column of matrices Bj1 and Byy is equal
to ip-) and that in the columns of matrix By is equal to (jr - 1).

Equation (1) permits one to compare the different methods of control and to
determine problems of further investigations.

Let us begin with consideration of control by the force vector. The human-
operator develops force F and moment M on the control member, which repre-
sents a six-step lever as in high-speed control. During control, the operator
observes the motion of grasping by using a visual information system (Figure
2). It is suggested that the control forces [QP] be determined by the formula

(QP] = [FM]A — 6B, (2)
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where [FM) = [kjFokoMolr ky and ks are scale coefficients.

The second term on the right side of equality (2) can be introduced if the
manipulator has no mechanical relief system.

By substituting the vector [QP] into the equation of dynamics, we find

[F o By — 0, - Go{ M + My -+ M,] A = . (3)
The right side of this equation
= [mwi— M°| B
determines the vector of the generalized force determined by the inertia of
the manipulator. 1If, specifically, this term is close to zero, matrix A is
nondegenerate and [FyM,] = 0, then the motion of the n-th section and the

related object of manipulation will approach the motion of a free solid due
to the effect of the controlling forces [FM) controlled by the operator

(F—mgw, + Gut M 4+ M,] =0,

( ({ (4) 4”"”']
(1) 2) 3 7/ /4 4 [ e X/
- 'z’ag;lﬂllgzﬁgm IR e iU 23::?“ Tole
(6 A senstae ofp. consh7) |
Jmmmma)( olp. chess
Figure 2
KEY:

1. Human operator 5. Manipulator

2, Control member 6. Visual feedback

3. Computer 7. Power feedback

4, Drives

In the remaining cases the motion of the n-th section will be deflected from
that required due to the effect of inertial forces N and of kinematic coup-

- lings. By integrating equations (1) on a digital computer and by being given
the generalized forces [FM] characteristic for typical working operations,
one can determine the value of the corresponding forces N. The range of
applicability of the control method by the force vector for a given manipu-
lator can be determined with regard to the characteristics of the operator's
indirect perception of the effect of these forces through the deviations of
motion caused by them.
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If the external forces [FyMy] are unknown to the operator and also if there
is a significant effect of inertial forces, it is feasible to have feedback
which directly informs the human operator of the effect of the indicated
forces.

During control by the velocity vector, the operator controls the speed of
sliding motion and the angular rotational speed of grasping and the related
object of manipulation in proportion to deviations of &xy and &pr which

control the six-step lever. The velocity vector of relative motion in degrees
of manipulator mobility

[(Pﬂ)tiﬂ] = ['P'\O e 'Pllo-'tj.o e xjkol

is selected as equal to

[utol” = A" BodolTs  (b2a000] = [82sdol K,

k = diagl[kji), ki are proportionality constants.
Agsuming approximately that the generalized forces developed by the drive are

proportional to the error between the given and current values of speeds
with respect to motion, we find the following law of control:

(QPT = KA~ [828¢)T — (GBT, (4)

where [ §% 8¢) = [§xg - x8§po - 91 = [k - xPo - @] is the error between
the given (kg L'FY.-].- and current [k¢ ] values of the grasping speeds of the
manipulator and k = diaglky] is the matrix of the proportionality constants.

‘ The equation of dynamics has the following form:
(8281 (AT ) K + [Fy — Mt + Gui Mo+ M, ] A == N. (5)

During control in the copying mode by using the computer, the control diagram
is similar to that in Figure 3; feedback is accomplished in this case by
position rather than by speed. With the previous assumptions, the controlling
forces of the servo drives and the equation of dynamics have the following
form:

[QPIT = T4 4, [8quubes]T — [GBYT, (6)

lo‘Plaérja] A;r (AT)—I E, + [Fs — muw, L G'l.l Mg+ MjA=N, (7
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where matrix A, corresponds to the controlling member and [S¢ iz é‘sz] is the
- erxor vector between the given and current values of its relative coordinates.
. Force feedback (the dashed line in Figure 3) may also be accomplished in this
system. Assuming the possibility of measuring the generalized forces R in
each of the degrees of manipulator mobility, one can calculate the forces Rg
developed in the dagrees of controlling member mobility by the formula

R0= (R—GB)A"A, = (-... [Fn_m"w"+ GnsMn"l" AIn]A + N)A-IABQ
= — [Fy — muwy + Gy i My + M) As+ NA™ 4,

The human operator will perceive the following generalized force on the lever
of the control member

{Fa — mpwy 4 Goi My + M) + NA™.

The problem of analyzing the effect of the last term, determined by the mani-
pulator inertia, as in the first case, requires special investigation.

(L 4 il

- 'x j
’ﬁggﬁ,‘; = ”,’;;g,’(ﬁ. =l iy We fhte

'y L%
% [5‘,,:’4]')
4‘7
[wlg)ar 240, £0878
(6)
Joumerinan o6p LEALs

Figure 3
KEY:
1. Human operator 5. Manipulator
2. Control member 6. Visual feedback
3, Computer 7. Power feedback

4, Drives

By comparing the considered control diagrams, we note that the method of
manipulator control by the force vector has the simplest algorithm which
does not require manipulation of matrix A. Unlike the other methods, it
permits the operator to control the force and consequently the acceleration
of motion of the object of manipulation, which is important when performing
work with increased requirements on the dynamics of the process. Since the
main feedback in the control system by the force vector is realized through
the human operator, the main problem is to investigate this system as a
biological engineering system.
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The main distinction of the speed and position methods of control includes
the presence of feedbacks in the technical part of the system, which is a
multicoupling automatic control system, Problems of investigating the sta-~
bility of the technical part of the system, the possibility of autooscilla-
tions occurring and taking into account the dynamics of drives in each of the
degrees of mobllity and of their mutual effect arise in this regard. Subse-
quent sections of the paper are devoted to investigation of these problems.

3. Linearized differential equations of manipulators. The equation of dis-
turbed motion of the slave member of a manipulator with n degrees of mobility
has the form [7, 8]

H(p)q(t) = My (t), H(p) =ap* +bp +c, @

whexe H(p) 1s the operatiny matrix which characterizes the dynamic properties
of the slave member as the control object, a, b and ¢ are matrices, q(t) is
the vector of the generalized coordinates of the slave member and Mg(t) is
the vector of moments developed by the drives of the degrees of mobility.
Together with the equations of the drive complex

Nu (D)2 () = Mu(p) (e (t) — g ()

No(p)za (t) = M (p) g () Mo () = 21 () — 2 (1) 9)

equations (8) describe the mathematical model of the manipulator dynamics
(p is the operator of differentiation).

Here Nyp(p), Ng(P), Mp(p) and Mg (p) are matrices whose elements have poly-
nomials from p, u(t) is the control signal vector and x1(t) and x;(t) are
the moving moment and moment of resistance developed by the drives.

Let us solve equations (8) and (9) with respect to the vectors of the slave
member and control signal coordinates, having represented them in the form
of the input-output relations

q(8) = X" (p)Wu(p) u(t) == W(p)u(l),
X(p)=H(p)+ We(p) + Wa(p), . (10)
Wu(p) = N (0) Mu(p),  We(p) = N3 (p) Mq (p),

, where W(p) is the transfer matrix of the manipulator control system complex.
The diagonal elements of this matrix reflect the properties of separate
systems and the elements not belonging to the main diagonal reflect the
cross-influence of external effects.

A block diagram of the system corresponding to equations (10) is prasented
in Figure 4.
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Study of the dynamic properties of manipulator control systems by their mathe-
matical models is also a problem of investigatirg the manipulator as a multi-
dimensional automatic control system.

4. Analysis of the stability of manipulator control systems. Let us compile A
the operating matrix of system (10) and let us calculate its characteristic
determinant. We find

i (p) E -k
7 (p) = [-— Metpy Noip) 0 ] ,
Mye) 0 NP
A (p) = det J (p) = det N (p) det N (p)det (Ho (p) -+ We(p) + W (p)).

(11)

let us assume that no transformations of any kind occurred which lead to a
reduction of the order of the equations during calculation of matrices Np(p),
Ng (P}, Mp(p) and Mp(p), which comprise the transfer matrices of the drive
complex and also matrices W(p). Therefore, system (10) describes the rela-
tions between all the variable states and all the components of the input
actions.

Let us make use of the Nyquist criterion to investigate the stabillty of this
system. System (10) does not vary if the product Hp(p)q(t) is added to the
left side of the first equation in it and is subtracted. We have

| Ho(p)q(t) = Mot)  Mo(t) = 2, ()~ 23 (6) — 22 1),
E Nu(P)as ()= Mu(p) () — g0, Ne(p)2a(t) = Me (£) g (1),
23(0) = [H (p) = Holp) 9 1), ’ (12)
Ho(p) = ding [Hor (p) Hoa(p) . . . Hon(p)],
o (p) = ayp? + Gy i=1,2,....n.

The characteristic determinant of this system coincides with determinant (11).
Let us calculate the characteristic determinant of an open system by assuming
the value of x3(t) = 0 in the second equation of system (12). Having per-
formed the transformations of the operating matrix of the derived system
similar to that presented above, we will have

80(p) = det Ny (p) det Ne (p)det [Ho(p) -+ We(p) + Wa (D)) (13)
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The relationship between the values of A(p) and Ao(p) is established by
the relation

A (p) = Ay (p) det [E + R (p)), (14)

where R(p) = [Hg(p) + Wg(p) + Wy(p))=1(i(p) - Ho(p)). The determinant of
matrix E + R(p) is reduced to the form

det [£ + R(p)] =1 + K (p),

where K(p) is the sum of all the main l-order minors (1 £ 1 &n) of the deter-
minant of transfer matrix R(p) and X(p) = L(p)/ Ag(p): L(p) is some poly=-
nomial of p.

let us assume that system (12) is asymptotically stable in the closed state
with respect to the mutual effect channels. This assumption conforms to
that of the asymptotic stability of the complex of manipulator systems taken
separately, i.e., systems determined without regard to interference.
X
For stability of manipulator control systems, it is then necessary and suffi- ‘!‘”:
cient that the hodograph of function K(jw) not encompass point (-1, 30) upon
variation of frequency & from O to oo. This algorithm for analyzing stabi-
lity can be accomplished on a digital computer.

In the low-frequency range for elements of transfer matrix W(jew), the fol-
lowing relations are valid

CulCy at ik,
‘Vilr Um) ~ { “/“‘ (/“’)/Cu at i=k. (15)

For the high-frequency range, we have

det 16
Waljo) = — e 1, jo) ae)

- It follows from expressions (14), (15) and (16) that |K(jw)| A 0 in the low-
frequency range and the approximate equality

K(jw)zdelalﬂa“— 1.

{=)

is valid in the high-frequency range.

Therefore, when approximating the construction of the hodograph K(ju'), it is
sufficient to limit oneself to the low-frequency range (Figure 5).
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i

Figure 5

n
Since the significance of the fraction dola / Ha“ may be considerably less
[P}
than unity, consideration of the hodograph in the high-frequency range is not
convenient. Therefore, the hodograph of function Qjw) = 1 + K(jw), which
may also serve as an indicator of the control system interaction, may be con-
structed instead of hodograph K(jw ).

- 5. Analysis of the dynamic properties of manipulator control systems based on
frequency methods. The fraquency characteristics of separate systems corre~
spond to diagonal, while those of cross couplings correspond to nondiagonal
elements of the matrix

W (Jo) = X~ (jo) Wu (o). (17)

Let us represent each of the matrices in the form of the sum of two matrices
-~ with real and imaginary elements. The significance of the matrix elements
at different fixed values of frequency is determined by addition, multiplica-
tion and conversion of matrices with complex elements.

To determine the degree of distortion of the frequency characteristics of a
system taken separately as a function of the values of the parameters of

other systems of the complex, it is suggested that the following estimates
be used

Qo) =1 —[A o). & (je) = Ru(jo) Xy (o), (18)
where fik(jco) are elements of matrix X~1l(jw). In this case the frequency
characteristic of the i-th separate system Wij (j @) may be expressed by the

frequency characteristic of the corresponding system ﬁl(jcu) taken separately
in the following manner:

(19)
Wi (jo) = 8, (fo) W (ji).
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The validity of the following equality follows from the properties of the
product of the direct and inverse matrices

W) W) = 1 = 3 W (o) Wy (o, (20)
[P

where ﬁki(jw) are elements of the k-th column of matrix w-l(jw).

Comparing relation (20) with expression (19), we have

Wa(o)Walo) = Ry (o) Xi(fo) = & (o),

hence follows the relation

180Gl = [t =5 Wi (jo) W o). (21)

ki

The following inequality is then valid
n

) & (@) =14 (ju)| < x§ [ W (fo) Wy ()|
ki

and one can write

SO B Wik (o) Wy (fa) . (22)
ki

Let us denote

I W (o) Wi (o) | = 8 (w).
According to inequality (22), we find
& () < g.llsu(‘*’)- (23)
(221

It follows from expression (23) that the extent of distorting the frequency
- characteristic of the i-th system taken separately is greater, the larger
the modulus of each of the terms on the right side of inequality (23), and
the k-th system for which & jx(w) > Si1(w), i, X, 1 =1, ...n, 1 # K,
k#1and 19 i, will have the strongest effect on the dynamics of the i-ti
system. The "contribution" of the k-th following system to distortion o .he
.dynamic properties of the i-th system, which occurs due to interference of
the control systeme through the slave member, can be judged by the value of
ik(w).
68
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Realizing the proposed algorithms on a digital computer, one can accomplish
multilateral investigation of the dynamic proparties of manipulator control
systems by performing actions with complex matrices.

'y
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Figure 8

These algorithms are the basis of the developed library of standard computer
programs which permit calculation and subtraction of the frequency charac-
teristics of the channels of a multicoupled manipulator control system on
the graph plotter of a digital computer and which permits analysis of its
dynamic properties.

Example. The effectiveness of the proposed algorithms is illustrated in the

example of investigating the dynamic properties of a six-section manipulator.
The kinematic diagram of the slave member of this manipulator is presented in
Figure 6.
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Function k(jw), calculated on the digital computer for several positions of
the kinematic chain, is presented in Pigure 7. It is obvious that the hodo-
graph of function K(jw ) for the considered manipulator does not encompass
the point (-1, jO). Therefore, the manipulator control systems are also
stable with regard to interferenca.

It is more feasible to calculate function Q(jwm ) = 1 + K(jw) with respect

to manipulator control systems. Since Q(jw) directly links the value of the
frequency characteristics of complexes of separate systems and those taken
separately, i.e.,

A(fw) = Q(jw) A, (f w),

then consideration of function Q(jw) permits one to also judge the effect
of system interaction on the properties of a complex of systems taken sepa-
rately, besides determining the fact of the stability of separate systems
(according to the arrangement of curve Q(jw) with respect to point (0, jO)).

The results of calculating the frequency characteristics of separate manipu-
lator control systems and also of functions o ix(w ) are presented in Figure 8.
It is obvious from the figure that the interaction of control systems leads

to significant variations in the properties of separate control systems and

to the appearance of the cross effect of external actions. In this

case functions ojx(w) determine the "contribution" of k-th control
systems to distortion of the dynamic properties of the separate i-th system.

The proposed algorithms may be the basis for universal investigation of the
dynamic properties of tracking manipulator control systems.

1.

3.
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GEOPHYSICS, ASTRONOMY AND SPACE

ALGORITHMS FOR COMBINATION AND SUPERVISORY CONTROL OF MANIPULATOR-ROBOTS

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
I MANIPULYATORY., TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pPp 124-127

[Article by Ye. P. Popov, A, F. Vereshchagin, V. L. Generozov, S. L. Zenkevich
and V. B. Kucherov, USSR] ~

[Text] The most modern manipulator-robots of today combine human intellec-
tual capabilities and the capabilities of high-~speed computer equipment in
the control system. Man can solve a wide range of target designation pro-

- blems both at the level of controlling the speed, trajectory or position of
the manipulator and at the level of forming subtargets of the computer in
the combination and supervisory control modes {1]}, which transforms these
subtargets by means of control algorithms into direct instructions to the
slave drives of the robot.

Let us consider the functions of control algorithms when the human operator
is introduced into the process of automatic control of the actions of a
manipulator-robot at a high level of the hierarchical control system by
agsigning the required technological operation to the robot in generalized
form.

The control hierarchy. The problem of controlling the slave member of the
manipulator-robot from a digital computer when performing a given operation
in the automatic mode can be divided into three main steps determined by
three hierarchically related levels of the control system.

Generalized information which determines the content of the operation and
also the location of the required objects and tools is fed to the higher-
level input, called the strategic level [2]. This level, usually relying
on heuristic procedures, separates the operation into a sequence of elemen-
tary grasping motions which change position and orientation. In this case
the given operation is conwverted by the higher-level algorithm into a se-
quence of macroinstructions, for example, of the following type:

6 (sl! )i 0 (321 P2); LR 9(8,,, pn)v
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where s is the parameters of the final state of grasping and p is the para-

meters which determine the mode of transition to state s (for example, motion

in a straight line with retention of orientation, provision of given force -
by grasping and so on).

The problem of the next level, called the tactical level, is conversion of -
the macroinstructions of elementary grasping motions to laws of matched

variation of generalized coordinates of the slave member in which grasping

changes according to the given mode of motion from the current position to

the given final position.

If motion during each stage of mobility is provided by a self-contained
drive, the output of the tactical level of control is the input control
signals of these drives -- the desired laws of motion in the movable joints
of the mechanism.

The last, slave level of control is formed by the combination of the tracking
drives. The input of this level is the desired laws of motion in the movable
joints with regard to the permissible speeds and accelerations of the drives
and other restrictions.

These laws may be calculated by two methods at the tactical level.

The control signals of the drive in the entire range of control which realizes
the macroinstruction are determined in time and calculated for any macro-
instruction of type ©(s, p) in the first method. Moreover, the length of
execution is a function of the permissible speeds and accelerations of drive
tracking [4]. The digital computer then generates these signals, usually
represented in the form of spline-functions at the drive input for execution.

The second method assumes sequential correction of the grasping position by
calculation and realization of the sequence of small increments of the
generalized coordinates of the slave member [3). Linearization with subse-
quent solution of linear equations and inequalities is used extensively when
calculating small increments of generalized coordinates.

The tactical level of control should have the capability of using both the
first and second method of control. The first method is convenient when
performing complex operations which permit preliminary planning. The second
method is especially convenient when performing one-time small movements,
but also permits one to perform complex grasping motions.

Elementary problems of planning trajectories in those cases when performance
of one or another motion is standardized or when the higher level of control
does not place any restrictions on the method of transferring grasping to
given positions are also solved at the tactical level.

Thus, the digital computer solves three main problems at the tactical level:
planning of elementary grasping motions, separation of goal-oriented grasping
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motion to matched motions of self-contained drives and, finally, formation
of drive control signals with regard to the technical capabilities. One of
the forms of realizing this control ideology is described in [4].

The inverse operator problem. The result of a digital computer operating at
the stage of planning the elementary motion may be a sequence of vectors

sty st ..., M,

which determine the position and orientation of grasping at sequential points
of the required trajectory. If each drive controls variation of one genera-
lized coordinate of the slave member, it is primarily of interest to describe
the trajectory of motion in terms of generalized coordinates. A system of
nonlinear equations determined by the design and current configuration of the
slave member must be solved for this purpose for each node of the trajectory

sl=/(qi)v ‘=1| 2v~--vm| (1)

where qi = (q%, q%, ceey q%) is the vector of generalized ccordinates.

The effectiveness of control depends primarily on how quickly and clearly
this inverse problem is solved on the digital computer.

The matrix of generalized coordinates is found as a result of solving a se-
quence of inverse problems

(q;)’ i=1|2-~~-)m; i=1’210'-|n1

corresponding to the required grasping trajectory.
The problem of constructing these continuous control signals, which take into

account the technical capabilities of the drives, and of the following se-
quence of moments of time now occurs

t1<t2<"'<tm—l<lmv
to which the following conditions are fulfilled

2 (t) = g}
and the control time tn is minimum.
In control by the second method -- the method of small sequential changes of

the position of the slave member, the inverse problem reduces to the need to
solve linearized equations
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Ast = s —§' =7 (") Ag', (2)

where J is a Jacobian matrix for the right sides of equations (1) to deter-
mine variation of Aq by the given increment As of the vector of state of
grasping.

If n = 6 and the kinematic diagram of the mechanism is selected in a suitable
manner, the inverse problem can be solved precisely both in the nonlinear and
in the linear variant, However, the absence of a solution at some points of
the trajectory, degenerate situations, ambiguity and restrictions on the

. generalized coordinates force one to seek special methods of realizing the
planned trajectories. The problem becomes considerably more complex at n) 6,
since in this case additional problems related to the need to overcome the
excess degrees of mobllity occur. For example, what minimum group of drives
realizes the given motion by the number of drives? If the drives are dis-
tinguished by priority, which drives and to what extent should they partici-
pate in motion?

One can answer these questions if the sequence of linearized problems (2) is
solved during the control process by the linear programming method ([3].

Linear programming of motion. Let us represent the desired values in the
form of the difference of two new nonnegative variables:

Agi=af—aj, >0, >0

Let us find the nonnegative vector x of dimension 2n + 1, which minimizes
the linear function

n
Tnyy + 1-21 Yi (1': —z), 7>0

with linear restrictions

n

—Ing << J%J,;(x}— )~ Asi K anyyy, i=1,2,...,6
G;—qk<11_1;<6;—qk' I:-‘>Ov -T;')Ov ZInyy > 0,

where Jj4 is elements of matrix J and (G;, G;) is the lower and upper bounds
of values of the k-th generalized coordinate.

Let us note the characteristics of the given linear model. If max X}_é:lo
we are practically talking about Chebyshev approximation of grasping motion

to the instruction vector of increments Aq. Moreover, positive penalties
Yj eliminate those idle motions of drives which do not lead to grasping
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motion in combination and if ¥ > ?3, preference will be given to a drive
with the number j with equal contribution to the resulting grasping motions.
Finally, doubling the number of variables does not lead here to ambiguity if
the simplex method is used to solve the problem, since the following will
occur if it is used

zizy = 0.

Control using a linear model consists of the following steps:
1, Measuring the values of the generalized coordinates.

2. Determining the instruction vector of variation of the grasping position
A s if the goal of control has not yet been achieved.

3. Formation of the linear programming problem and solution of it.

4. Working out the calculated increments of generalized coordinates by the
drives.

5. Return to the first step.

- The human operator in the considered hierarchical control system may parti-
cipate in control not only at the highest level., For example, the operator
may directly control the grasping position (vector s) or its increment (As)
by means of a special lever. 1In this case the digital computer solves only
problems of matched variation of generalized coordinates and formation of
input drive signals.

However, realization of the total hierarchical robot and manipulator control
structure requires a computer complex consisting of two digital computers:
a large digital computer which permits programming of complex problems in
high-level languages and a mini-computer which receives output information
of higher levels and which generates control signals for the slave drives.

The proposed control structure permits one to develop control systems dif-
fering in the designation and design of robots and manipulators. The consi-
dered algorithms for combination and supervisory control are realized by
simple hardware and can be used to perform various operations by robots of
any types.
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GEOPHYSICS, ASTRONOMY AND SPACE 14

THE PROBLEM OF PERCEPTION AND SYNTHESIS OF A MODEL OF THE EXTERNAL ENVIRONMENT
BY A SELF-CONTAINED PLANETARY ROVER '

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
I MANIPULYATORY. TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pp 132-140

- [Article by L. N. Lupichev, G. A. Buyvolov and T. M. Vorob'yeva, USSR]

[Text] On the stereo television method of terrain perception. Self -contained
planetary rovers which perceive information about the real external environ-
ment and which utilize this information for "intelligent" behavior, will in
the future be the main ambassadors to the remote planets. In this regard
visual perception of the surrounding terrain by a planetary rover is one of
the pi'imary problems, solution of which is required for development of these
plane:ary rovers.

In cur postulation, visual perception is regarded as a problem of resZoring |
. the terrain from which a stereo pair of images was obtained. In this case '

the known elements are the arrangement of the optical axes and the focal

distance of the stereo cameras.

In solving the problem, it is permissible that diffuse light reflection occurs
and also that the image brightness of the terrain objects not depend on the
distance from the object to the camera. The function of stereographic photo-
graph brightness is determined as a real function of two variables which has
sufficiently "good" properties such as continuity and integrability.

Solution of the problem cousists in the following. The brightness functions
up(x1, y1) and uz(x2, yz) of the left and right stereo image, respectively,
are equalized. The coordinates of the image points x), y] and x3, y; are
expressed by means of direct photogrammetric transformations by coordinates
of the corresponding x, z, y on the terrain (Figure 1).

Then -

uy [I]. (.‘E, Yy Z), U (I, Y, z)] — Uz [22 (‘tt Y Z), Y2 (xl Y 2)] = 0.
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vl

Figure 1. Stereo Pair Coordinate System With Zero Convergence
Angle: w -- point of perceived surface; w) and w ==
image of point in left (L) and in right (P) remote
cameras, respectively; o1 and o; -- objectives of left
and right remote cameras

The solution of equation (1) is not the only one. Finding the true solution
is baged on the use of the smoothing functional. This capability ensues
from the theorem proved below, which states that for the case when the sur-
face is described by a continuous function, any false solution is described
by a function with a finite number of breaks.

- Theorem. Let the brightness function u(w) of points w €G, where G is a set
of points of the perceived surface, have at least one extreme value uel (wl)
or several extreme values

wt (), ut (), ..., o

y ose

such that among them there is no single pair of extreme values equal in
brightness, i.e.,

)

u (w) 5= u% (W),

where i, j =1, ..., n; i ¢ 3.

Let there be some set GKc Gy2 and Gy2 D £13(G), where Gy; is a set of all
pairs of points of equal brightness of the left and right images and fj5(G)
is the mapping of G onto Gj2, then

G C [ (Gu).

1f
i (GuNG =Gy = ¢,
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i.e., the set of false solutions Gy does not have an empty interior and

G* NGy # @, i.e., Gk contains at least one false point. The set GK is
then not a set of the values of the continuous function Y1 = y1(x, 2), where
Y1 is a false solution.

Proof. Let us consider two points of equal brightness wl and w2 of the true
surface with coordinates x1, z1, yl and x2, 22, y2, respectively. Let us
assume that a false solution is found by the image of point wl on the right
screen wy and by the image of point w2 on thg left screen wé¢ in the form of
a false point with coordinates x3, z3, y% (yi is a false height). Let us
assume that wl is a local maximum (minimum) brightness function u(x, z).
Then, according to the conditions of the theorem, w2 is not a point of an
extreme value of brightness. Let us impart as many small increments & x2
and §22 as desired to coordinates x2, z2 such that

u (2?4 622 22 + 82%) > (<) u (24, 1),
But it is impossible to find a point which satisfies the condition
u (2! 4 8!, 2! + Az!) > (<) u (2, 2.

by determining the extreme value in the vicinity of point wl with coordinates
xl + §x1, z1 + 821, fTherefore, function y1(x, z) at point x3, 23, y3 under-
goes a kv eak due to the continuity of the photogrammetric transformation.

The theoram is proved.

The smoothing functional for the lines of intersection of the surface by
plane xz (we note that the other surface cross~sections can be found by
rotating the camera around the x-axis) has the form

B
MPz, 2(2)] = S {u’ {z, 2(2)] 4 B (d;(:) )2} dz, (2)

A

where z{x) is the distance to the line of intersection of the surface by
plane xz; /5 is a parameter,

viz, z (@) = u; [z, (z, 2 (2))] ~ 1 [z; (z, z (2))).

In the case of a zero angle of convergence, the direct photogrammetric trans-
formations have the form

.I;=%—(z—a) .r,=+(.t+a). )1 :—y,::%y.
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where £, a is the focal distance of the stereo camera and the base, respec-
tively, and

iz, z(z)] = u [/-(x — a)fz] — u; If (x + a)/zl.

The second term of (2) provides selection of the "smoothest" function or a
function which minimizes the norm of the derivative

B

By (4552)' .

The true solution z(x) is found from the Euler equation for the tagrangian
smoothing functional (2)

e+ ¢(2,2) =0, (3)
where

00 2) =L {1 1f (2 — afa) — uy [ (2 + ayel) x
X {[9uq (25)/04) (x + a) + [0u, (2:)/02,] (z — @)} = 0.

In this case the values of coordinates at the reference points of terrain
are taken as the initial conditions xq, zg, zy. The reference points are
determined by means of the "mask" method. The "mask" method is based on the
idea of using information about the swrroundings of the point to establish a
pair of points of brightness functions of the left and right photographs
corresponding to the same point of terrain. Due to the fact that comparison -
- of each point of one image with each point of another image results in an
impermissibly large volume of calculations (N2 comparison operations if N is
the number of image points), it is suggested that some typical, confidently
identifiable surroundings of points -- "masks" -~ be used. The "masks" may
- be rectilinear, concave or convex sections of the contour arranged in dif- -
ferent directions (Figure 2). The main feature of stable "masks" is the con-
nectedness of the "black" and "white" zones and the simplicity of the inter-
face (Figure 2, a~d). "Masks" which do not satisfy this feature (Figure 2,
e and f) do not provide clear fixation of the corresponding points (Figure 3).
By comparing the "mask" with all points of the right and with all points of >
the left image, one can find a pair of points having similar "masks" and,
consequently, similar surroundings to each other. To do this, a total of
2N comparison operations is required.
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& a4

Figure 2. "Masks" for Establishing Corresponding Points: a-d ==
stable; e and £ -~ unstable

It is suggested that the degree of conformity of the "mask" with the section
of image be judged by the distance between the "mask" and the section of the
image in space RN, whose coordinates are the brightnesses of the individual

elements of the "mask" and of the corresponding section of image.

Figure 3. Example of Undecipherable Fixation of Corresponding
Points Due to Instability of "Mask" (1) and Fixation
of stable "Mask" (2)

Example. The problem of restoring the terrain by a stereo pair of images is
solved. Brightness functions uj (x1) and uy (x3) are presented in Figure 4.
Equation (3) is solved, like the Cauchy problem, by the numerical method.

In this case the initial conditions are determined by the "mask" method and
the brightness functions uj (x) and uz(x3) are represented in the form of
discrete values with sufficiently large number of levels of discreteness.
The developed calculating algorithm is applied to a specific section of
terrain. The solution found in the form of the layout is shown in Figure 5.
Here the real contour of the object on the terrain is depicted by the solid
line and the solution of equation (3) is shown by the points.

The outlined procedure for restoring terrain by its stereo image without
additional measurements of distance to individual objects of terrain, which
utilizes ideas of the smoothing functional and the "mask" method, and speci-
fic calculation provide the basis to assume that an autonomous working pro-
gram for visual perception of the surrounding situation by a self-contained
planetary rover, realized with the permissible volume of calculations, can
be developed on their basis.

Another simpler method, which however requires additional equipment, is that
of perception of terrain by scanning with a laser beam.

Synthesizing a model of relief from rangefinder data. A laser scanning range
finder permits one to obtain input information about relief directly in the
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Figure 5. Fragment of Layout of Restored Section of Terrain

form of coordinates of a finite rnumber of points of its surface. Restrictions
on the height of location of the rangefinder under conditions of severely
broken terrain leads to extremely nonuniform distribution of these points in
the area of the photographed zone and significant surface regions may generally
be inaccessible to observation since they are shielded by other sections of
the same surface. This circumstance makes it very complicated and in some
cases makes it impossible to investigate terrain in remote zones. However,
the fact of the occurrence of screened zones contains specific and very sig-
nificant information about the presence of one or another features of relief.
- Based on the "language" approach, it is possible to establish the correspon-
ding semantic relationships and subsequently to operate with them when
plotting a model of the relief and when determining forbidden zones. In com-
bination with the gradient method, which takes into account the quantitative
relationships between elements, introduction of semantic relationships permits
one to represent the description of the model in more compressed form and to
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determine all the features of relief on it. Since restrictions in the
storage capacity usually do not parmit storage of the entire file of photo~
graphed points of the relief, compression and encoding of information should
be conducted in real time parallel with its arrival. This is achieved by
using the formation of two intermediate extreme matrices of dimension n x m:
matrices {Yij max} and fvij minjr where i = 1, ..., nand j =1, ..., m
The cells of the extreme matrices are filled as coordinates X, ¥, z of relief
points come in from the surveying system. The number of the line i and
column j of the matrix where the number y should be directed is determined

- by coordinates x and z, but coordinates yij are recorded in the corresponding
cell only after comparison with the contents of this cell. With this method,
the number of storage cells is completely determined by selecting the dimen-
sion of the matrix and is independent of the number and distribution laws in
the area of the photographed relief points, in other words, compression of
any information flow to a previously given volume is guaranteed.

Besides information compression, the algorithm provides separation of screened
zones since the corresponding cells remain unfilled. The process of synthe-
sizing a relief model terminates with formation of a matrix of mean heights
Yijsr)s where yjjsr = 0.5 {Yijsr max + Yijsr miy' and of a logic matrix
Lij}o of zero step from the extreme matrices, to which information about
. the presence of screened zones and information about the presence of dan-
gerous drops of heights inside the square Ax; x Az:i, i.e., the information
which would be unavoidably lost with averaging of heights by area, is re-
recorded. The process of forming matrix {Lijg and of the language used in it
will be considered below.

The relief model synthesized by the proposed method is sufficiently simple
and compact, takes into account the characteristics of obtaining information
about relief by the oblique-angled scanning method and specifics of opera-
tion of onboard digital computers, does not require large storage capacities
and permits a search for dangerous zones and laying out trajectories without

E constructing any additional networks and reference graphs, reducing these
operations to sequential transformation of matrix (Lijyo-

Determining forbidden zones. Let us relate the sections of surface not
achievable to the apparatus and sections, entry into of which may lead to
tipping over, to zones forbidden to traffic. The synthesized relief model

and the presence of a resolver of data about the apparatus itself in the
memory permit one to consider the problem of determining forbidden zone as
comparison of tne model of the apparatus capabilities with that of objectively
existing external conditions.

The considered method of determining forbidden zone permits one to solve this
problem by sequantial transformation of the relief model. The concept of

the shift operator Sitk,j+1r, which permits comparison of the contents of the
i and j cell with the contents of the i ¥ k and j * 1 cell of the same matrix,
[ is introduced for this purpose. Operator S can be given in matrix form and
the shift operation is then carried out by multiplication of the matrices o1
it can be realized in the form of a comparison program. Let us call the
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operators which compare adjacent cells first-step operators. Thera will
obviously be eight of these operators.

If one assumes that k = 0 and 1 = 0, we find the zero-step operator Sy which,
unlike the remaining operators, compares the contents of the cells with
identical coordinates of different matrices. Operator Sp is used in formation
- of matrix {Lijfo from matrices {Yij}max and {Yij min}- The technical charac-
teristics of the apparatus are modeled by a function of the estimate of
passability Q = £(0(1, ...+ O(pn), which takes into account the range of
operator S3, the geometric dimensions of the apparatus, its kinematic and
dynamic characteristics, the capability of overcoming elements of relief of
various type and so on. If the characteristics of the apparatus are known,
then Q = £(A3, ..., Xpn) may be represented in the form Q = £(o), where
& is the range of operator S. The range of variation of & is limited by
the geometric dimensions of the apparatus in the layout. The function of the
estimate of passability represented in Figure 6 permits translation of the
quantitative relations determined by the effect of operators Sjiy j#1 on
- matrix {Y¥ij/ to semantic relationships which are recorded in matrix {Lij].

2/#)
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Figure 6. Function of Passability

The following glossary is used to describe the results of comparing the
relief model with the capabilities of the apparatus in matrix Lij]s
passable cell -- code "0," screened cell ~- code "l" and forbidden cell --
code "2." Expansion of the glossary by taking into account the directions,
for example, of the "cell covered in direction 5," divisions of zones with
incomplete information into screened zones and zones located outside the
visual field, taking into account the nature and stage of determining the
coefficient -- "prohibition by height of obstacles," "prohibition by slope
steepness," "prohibition of zero step" and so on, is pussible. All trans-
formations of matrix {Li } are made with regard to the semantics of the

- content of its cells. Tﬂis is achieved by establishing the hierarchy of
codes. Thus, for example, when determining forbidden zones in a three-code
system, the prohibition code has the highest priority, the screening code
has the second priority and the passability code has the third priority.
In the case of synthesizing a model of the external medium by survey data
from two different points, the code hierarchy will be different, specifically,
the passability code will be higher than the screen code. Different codes of
the same rank are simply added.
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Figure 7. Structure of Algorithm

KEY:
1. Step 4. Estimate
2. Matrix 5. Result
3. Operator

To form forbidden zones around small-scale local obstacles determined only

- by short-range operators, the induction operation accomplished by the action
of operators S3-S12 directly on matrix (Lij) is introduced. The total struc-
ture of the algorithm is presented in Figure 7.

The considered algorithm permits one to determine dangerous zones for any
relief and is universal in this respect. The boundaries of the forbidden
zones are moved away from the obstacles by a distance which provides safety
of the apparatus, regardless of the class of the obstacle and of at which
step these obstacles were determined. The algorithm also takes into account
the geometric dimensions of the apparatus, which subsequently permits consi-
deration of the apparatus as a geometric point when laying out trajectories.

Figure 8. Fragment of Relief
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The algorithm is easy to realize in machine languages of different level.
The results of applying it to the fragment of relief depicted in Figure 8
are presented in Figure 9, Processing was carried out by the ICL 4-70
machine by a program written in FORTRAN language.

In cases where there is a priori information about the nature of the terrain,
the algorithm can be truncated. Operation on even surfaces with separately

- arranged local obstacles can be accomplished successfully by using short-
range operators and induction of prohibitions; in "dune" type terrain, one
may be limited by use of only long-range third- and fourth-step operators;
if there are no obstacles, processing can be stopped immediately after the
zero step and so on.
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Figure 9. Results of Processing on Digital Computer

- The structure of the algorithm also provides the possibility of self-teaching
and adaptation of the robot. During prolonged functioning, the apparatus may
move considerable distances and may find itself in sections made up of various
types of rock with different supporting capacity. This circumstunce requirey
operational reformation of the function of the estimate of passability, for
example, by data of instruments of the scientific complex about the measured
soil characteristics. Moreover, the characteristics of the apparatus itself
may also change due to failure of individual subassemblies or reduction of
its energy supply. It is hardly possible to take into account beforehand all
variations of the external medium which may occur on a remote and insuffi-
ciently studied planet; therefore, problems of organizing the process of
self-teaching and adaptation of the apparatus acquire special significance.

, The considered algorithm permits the apparatus to utilize its own experience
rather simply and efficiently. Thus, for example, if conditions have prin-
cipally changed, the apparatus will find itself in critical situations about
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which the sensors of the angles of inclination, tactile sensors, the motor
ovarload protective system and 3o on will signal. If a time reduction of

4 the threshold (horizontal section) of function Q corresponds to each case
of response of the tactile sensor and reduction of angle ¥ of function Q
corresponds to cases of an increase of the skidding coefficient or angles
of inclination of the apparatus above permissible levels, in the final
analysis the robot itself will determine the required measure of safety and
will adapt to external conditions, including adaptation to variation of the
soil characteristics in the previously unprovided range.
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GEOPHYSICS, ASTRONOMY AND SPACE

INVESTIGATING THE ALGORITHMS FOR CONTROLLING THE MOTION OF A SELF-CONTAINED
PLANETARY ROVER BY THE MATHEMATICAL MODELING METHOD

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
I MANIPULYATORY. TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pp 148-153

[Article by V. F. Vasil'yev, P. M. Gurvich, L. N. Lupichev and I. V. Shamanov,
USSR]

[Text] Developing a system for controlling a self-contained planetary rover,
moving by instructions from earth without direct participation of man in
control, is related to solution of a number of problems (l}]. The purpose of
the motion of this apparatus may be to achieve some terminal zone or to cover
a given route. It is assumed that the apparatus is equipped with a scanning
system, computer, moving member control devices, navigation means, course,
bank, trim, covered-path sensors and so on.

The onboard scanning systems permit rec:>ption of information only about a
comparatively small, Zocal section of the surface. A safe local trajectory
of motion of the planetary rover should be determined from the results of its
processing on the apparatus. The total (global) trajectory consists of the

- aggregate of local sections.

A system of interrelated algorithms should be developed for onboard solution
of problems of processing information about the surface, determining a safe
trajectory and controlling the motion of the planetary rover along this tra-
jectory. Analysis of the efficiency and effectivaness of these algorithms
during their joint operation can be carried out by using computer mathematical
modeling of the controlled motion of the planetary rover along the surface.

To do this, a mathematical model of a sufficiently large section of surface
should first be constructed in the computer and the initial location of the
apparatus and the direction of motion or the coordinates of the target should
also be given.

Complex modeling of controlled motion includes the following steps:

-- determining the position of the axes of f:he apparatus (angles of bank and
trim) ;
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-- obtaining information about the section of surface (local zone) in front
of the apparatus;

~~ determining the passability in the local zone;

-~ determining the trajectory of motion of the apparatus within the local
zone;

- -- modeling the motion of the apparatus along the trajectory.

As a result of sequential fulfillment of these steps, the apparatus "covers"
some local section of the trajectory, after which all the steps are ripeated,
the apparatus "covers" the next local section and so on. Motion along a
global trajectory is simulated in this manner.

Based on the outlined principles, a complex mathematical model, the block
diagram of which is presented in Figure 1, was constructed.
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Figure 1
KEY:
1. Model No. 4. Determining the position of
2. Surface ("test area') apparatus axes
3. Assignment of target, movement 5. Obtaining information about the
and initial position of appara- surface
tus on "test area" 6. Determining passability

7. Determining the apparatus trajectory
8. Motion of apparatus along trajectory

In model No. 1 the surface is shaped in the form of a "test area" with dimen-
sions of 200 x 47 m. Different laws of variation of the total inclination of
terrain and the distribution of obstacles on it (given in the form of "stones"

and "craters") were used to obtain the various types of surfaces. The dis-
tribution density of obstacles is usually assumed to be quite high to check
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the investigated algorithms under complex conditions. Graphs of the distri-
bution density of obstacles on the lunar surface [3] and on a test area

(for one of its variants) are presented as an example in Figure 2. The sur-
face was stored in the computer memory in the form of heights given with
respect to the base horizontal plane and in nodes of some regular grid
covering the test area. The boundary nodes of the grid form the conditional
"fence" (so that the model of the apparatus remain inside the test area
under all conditions).

Subsequently, the motion of the apparatus is meant as the motion of one of
its points -- the arbitrary geometric center of the reference surface of the
apparatus, while the trajectory of motion is understood as projection of the
spatial trajectory of this point onto the base plane. It is obvious that in
real situations, a specific position of the apparatus on a given surface
clearly corresponds to the position of any point on this flat trajectory.
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Figure 2. Graphs of Distribution Density of Obstacles on the Lunar
Surface and on the Test Area: a -~ "craters"; b --
- “stones"; 1 -- surface of test area; 2 -- lunar surface;
Ny -- number of obstacles per 100 mZ with diameter
greater than D

In model No. 2, the angles of bank and trim, i.e., the spatial position of
the axes, were determined according to the position of the apparatus (given
on the horizontal plane in the form of a point on the trajectory). "Setting"
the apparatus on the surface of the test area was simulated for this purpose.

Simulating the surface scanniry (model No. 3) included determination cf the
spatial coordinates of the points of intersection of the arbitrary "beams"
of the scanning system with the model of the test area surface. Thus, only
the geometric diagram rather than the physical process of scanning the sur-
face was simulated. This approach is explained by the fact that on the one
hand, it is sufficient in most cases for complex modeling to limit oneself
to the geometric diagram of scanning without going into its physical details
and on the other hand, it is very difficult to reflect with sufficient
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accuracy the complex physical processes occurring during suxface scanning by
using a mathematical model.

Different variants of the scanning diagram were used during modeling. The
nominal local zone (i.e., the zone formed during scanning of a horizontal
surface) was usually a sector (Figure 3). The scanning height (from 1.5 to
2.5 m), the azimuth angle of scanning (from 60 to 120°), the scanning range
(from 8 to 13 m) and so on varied,

Information about the spatial coordinates of the measured points were used

to analyze the passability of the zone in model No. 4. The safety of motion
through some point of the surface was determined by such criteria as the

value of the angle of deviation of the vertical axis of the apparatus from
the local vertical, the presence of stones, scarps and cracks of impermissible
dimensions and so on. The algorithms of model No. 4 are based on the principle
of separating the local zone into three types of regions: authorized (safe)
for traffic, forbidden to traffic and regions with incomplete information [1].
This separation was accomplished by analyzing the mutual arrangement of the
measured points and by determining the sections on which the apparatus was

in an impermissible position and also sections, the number of measured points
on which is insufficient to analyze their passability.

-

Figure 3

Another method of determining passability is based on mathematical modeling
of the apparatus position on the surface. In this case it is possible,
without separating the entire zone into three types of regions, to determine
the safety of the trajectory by checking the apparatus position on the sur-
face at a number of sequential points of the trajectory by the adopted
criteria of permissibility.

The local trajectory (model No. 5) was selected in the following manner.

Either a finite set of independent local trajectories or the characteristics

of some class of trajectories distinguished by one or several parameters was
stored in the computer memory. The trajectory from a given set or class was
selected according to the adopted criteria of optimality. The safety of the
selected trajectory and fulfillment of some boundary conditions which provide
joining of two adjacent local trajectories were then checked. 1If the boundary
conditions and the safety conditions were fulfilled, the trajectory for fu.ther
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motion was regarded as found, otherwise another trajectory was selected anu
80 on,

One of the classes of trajectories investigated during complex modeling is
presented in Figure 4. By changing the value of parameters a, R, b and ¢ ,
the meaning of which is obvioue from the figure, one can obtain very diverse
sets of trajectories which cover the local zone in a "fan." A sufficiently
effective criterion of optimality for this class of trajectories is the
criterion of the minimum angle of error between the direction of global
motion and the direction of the trajectory at point B.

¥ 2

4

4

[ 4
a
4
A
_ Figure 4

Different types of lateral maneuvering, backing up with subsequent travel to
the side and so on were investigated on a model for situations in which the
local zoune was completely impassable.

In some cases the location of obstacles on the terrain may lead to "cycling”
of the global trajectory. This phenomenon can be eliminated if the direction
of global motion is controlled during bypassing of these obstacles. One of
the very simple methods of controlling global motion is that in which inter-
mediate targets are formed during motion and the direction of global motion
is changed.

According to this method, an algorithm for global control is proposed which
occupies a higher level of hierarchy with respect to algorithms for deter-
mining local trajectory.

The basis for constructing this algorithm is the dependence of the angle of
direction toward intermediate targets on the angle of deviation of the current
course of motion from the direction toward the initial target. The proposed
algorithm, contained in model No. 5, does not permit the planetary rover to
deviate far from the boundary of the obstacle and, thus preventing "cycling,"
provides bypassing of the obstacle.

The "motion" of the apparatus along the selected trajectory occurred in the

last step (model No. 6). The motion controlled only by a time program or
motion controlled by a program using feedback for elimination of deviations
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can be simulated here as a function of equipping the apparatus with covered
path counting devices, its technical capabilities and methods of control.

A section of test area measuring 50 x 47 m, on which one of the trajectories
of motion of a planetary rover constructed by the complex modeling method is
shown as an example, is presented in Figure 5. In this variant the azimuth
angle of scanning was equal to 90°, while the nominal scanning range was 12.5
m. Motion was organized by the start-stop principle, i.e., with stops of the
apparatus to scan the surface and to select a trajectory for further motion.
Local trajectories are related to the class presented in Figure 4. It was
assumed during modeling that motion occurs without deviations from the
selected trajectory. Investigations conducted by using a hybrid computer
showed that motion along a given trajectory can be performed with sufficiently
high accuracy with comparatively simple law of control of the members of motion
of the apparatus [2).

TSI,
e ¥ 4(,?:".;

Figure 5

- Some results of modeling. Different variants of algorithms contained in the
model were investigated when working with a complex model.

- The dependence of changes of configuration and area of the local zone on

- inclinations of the apparatus and on the surface relief was analyzed when
simulating the receipt of information on the surface. These fluctuations
may be significant in many situations. Maintaining an adequate scanning zone
in front of the apparatus was possible by introducing control of the scanning
system during its functioning or by introducing algorithms for selecting
measured points of the surface in the model. A number of variants of this
control was investigated which is Lased on variation of the scanning laws,
inclination or rise of the transceiving part of the scanning system with re-
spect to the body of the apparatus and so on.

A method of determining passability, based on separation of a local zone into
three types of regions, was very efficient for purposes of selecting
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trajectories, although in the case of simple situations it is excessively
cumbersome compared to direct modeling of the apparatus position on the
checked trajectory.

Modeling showed that the class of local trajectories considered above and the
proposed criterion of optimality usually permit motion along a very efficient
global trajectory.

2000
@ &

Pigure 7

An increase of the azimuth angle of the scanning system is of great signifi-
cance for increasing the maneuverability of the apparatus during motion along
a surface with complex relief. It is feasible to have this angle not less
than 90-120°, An increase of the scanning range, although desirable, is
impossible in many situations since passability further than 10~12 m from the
apparatus cannot be reliably estimated due to the scanning height.

Modeling showed that the use of algorithms which employ replacement of the
direction of global motion is feasible when bypassing extended obstacles.
The trajectories of motion of an apparatus for two cases: without and with
the use of the proposed algorithm, are presented as an example in Pigures
6 and 7,
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GEOPHYSICS, ASTRONOMY AND SPA(E

AUTOMATIC CONTROL OF A MOVING PLANETARY ROVER COMPLEX

Moscow DATCHIKI I VSPOMOGATEL'NYYE SISTEMY KOSMICHESKIKH APPARATOV. ROBOTY
» I MANIPULYATORY. TRUDY IFAK in Russian 1978 signed to press 8 Aug 78
pp 154-162

[Article by J. Benes and P, Kolar, Czechoslovakia]

(Text] Postulation of the problem. Automatic control of a self-controlled
group (complex) of self-moving planetary rovers operating jointly to reach a
given section of the surface of a planet is considered (1, 2]. The plane-
tary rovers contained in the complex are connected to each other by thin
metal wires whose length may vary. By using these wires, the planetary
rovers can create forces acting on each other and they also serve as communi-
cations lines. The selected area can be assigned by means of topographic
coordinates of the investigated planet or by the position of the field ex-
tremum of some physical value. Obgtacles in ‘the form of randomly variable
three-dimensional structure of the relief and sections of soil which make it
difficult for the planetary rover to adher: to the soil, i.e., shifting sands,
B stones and so on, may occur in the path t.ward the target. Three types of
obstacles are considered. In overcoming an obstacle of type A, the planetary
rover may tip over, but it can be overcom: by means of the other planetary
rovers by creating active tractive forces through the wires. An obstacle
of type B cannot be surmounted by a planetary rover, but the metal wires
connecting the planetary rovers can pass over it. Thus, these types of
barriers includes holes and cracks in rock, from which the planetary rover
is unable to extricatc itself without the assistance of the other planetary
rovers. An obstacle of type C is characterized by the fact that both the
planetary rover and the connecting metal wires cannot pass through it.

Description of the moving complex. Complexes consisting of 9, 16 or 25
planetary rovers are typical. The complex is delivered to the planet in a
container which opens up after landing. The complex is then rolled out onto
the surface of the planet and the center of the lower left planetary rover
is taken as the origin of the Cartesian system. The complex, i.e., all its
planetary rovers, contain information about the target which must be reached
and also about known or hypothetical operating conditions. The complex then
repregents a self-controlled system. The connecting links (metal wires) with
four values of their length: 0, 1, 2 and 3, were considered in modeling.
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Description of the planetary rover. The planetary rover, which is a component
of the comy.lex, consists of two mair parts: a frame and a rotating part, as
shown in Figure 1. The frame is a gimbal suspension for the rotating part.

Figure 1. Operating Principle of Planetary Rover (Bottom View)

The rotating part consists of a ring with a recess fnr a yoke R2, main body
B attached to it and two umbrella-shaped flywheelc Wl and W2. The payload
{scientific instruments and power supply) are located in the main body. It
also contains cavities in which the electric motors of flywheels Wl and W2
are located. The "rotor" of each motor is attached to a fixed axis, while
the "stator" rotates. Thus, the "rotor" and "stator" in these motors have
opposite functions. The "rotor" axis is attached to the ring with the recess
R2, to which it is attached. The inner races of the "stator" ball bearings
are also attached to this axis. Two important devices: the main sensor S
and spike SK with spring and ball located below ring Rl, are placed on the
ring with the recess.

The ring with the recess R2 can be rotated with respect to ring Rl. One of
the design solutions which provide this may be sliding of the front part of
projection H along annular groove AG in ring Rl. Instead of a sliding head,
one can use two adjacent ball bearings. A pair of forces resulting from
rotation of flywheels Wl and W2 in opposite directions is used to rotate

ring R2. The electric motors can set the flywheels in motion: a) in opposite
directions of rotation and b) in the same directions of rotation to provide
forward motion of the planetary rover. The motor is reversed for regime a)
and is switched off for regime b) during normal operation. We note that an
alternative solution may be suggested for providing rotation of ring R2,
namely, to make an auxiliary electric motor which would raise the telescoping
feet for this purpose. In this case the feet themselves would descend due
to the effect of gravity in mode a).
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The frame is a ring Rl. Four electric winches Vv with electromagnetic braking
device for the metal wires MR are located on this ring, A computer which
controls forward motion, power cables and payload, which must be located on
the rotating part, are placed on the ring.

L 74 w2

Figure 2. Working Principle of Planetary Rover (Front View)

The sensors of the planetary rover. All planetary rovers of the complex are
equipped with the same sensors. Some of them can be disconnected since the
use of the sensors is mutually interchangeable, which is provided for the case
of damage of some planetary rovers or parts of them. The main sensor S
(Figure 2) can switch on: 1) the sensor of obstacles of type A, which deter-
mines the characteristics of friction, rolling and sliding of soil; 2) the
sensor of obstacles of type B; and 3) the sensor of obstacles of type C. The
latter two sensors can be combined with an optical sensor OS installed on the
main body B.

Each planetary rover is equipped with sensors which determine the forces of
tension of the metal wires. Sensors which measure the scalar values of the
scalar field, for example, temperature, may be installed as additional
sensors and they are switched on only on the planetary rovers located in the
corners of the complex since it is advantageous to have more remote distances
during these measurements.

The operating principles and properties of the complex. The organization of
the complex is based on the following principles.

1. All the planetary rovers of the complex are identical. Their difference
consists only in the functions which the peripheral and inner planetary rovers
perform, namely, which of their sensors are switched on to analyze the sur-
rounding medium (to determine obstacles and the physical characteristics of -
the medium).

2. Non-hierarchical organization belonys at the basis of planetary rover
control. There is a common decentralized time block which synchronizes the
actions of the planetary rovers. Each Planetary rover operates so as to
reach the target together with its neighbors. This is achieved by using in-~
formation about the location and state of adjacent planetary rovers and about
the surrounding situation, which is used to coordinate the actions of indivi-
dual pianetary rovers.
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The proposed solution of the problem permits one to increase the probability
of reaching the target by using several jointly operating planetary rovers,
which provide mutual assistance when obstacles occur in front of some of them,
and to increase the functional dependability under unfavorable conditions if
even some planetary rovers cease operation.,

Figure 3. Model of Moving Complex

Investigations in bionics touching on: a) some remarkable properties of
colonies of organisms (especially of subphylum Mastigophora of phylum
Protozoa) and b) some remarkable properties of spiders (order Araneina)
which utilize spider webs for different purposes, sometimes as an informa-
tion carrier. The planetary rovers of the complex are connected in exactly
the same way by thin metal wires in the center of which are conductors. The
wires create tension which is measured by sensing elements and also serve as
means of communications. There is also partial analogy between the complex
and a joint group of plants creeping up rises.

Theoretical method of the investigation. Some planetary rovers of the just
described self-contained seif-controlled moving complex, operating according
to a given algorithm, can be described in the form of finite automatons.
From this viewpoint the complex is a finite array of internally connected,
identical machines with finite states, each of which can change its own state
within discrete time intervals as a function of the states of some of the
other machines in the array, and the array is subject to specific effects of
the surrounding medium. The appropriate mathematical model of these types
of objects can be represented in the form of cellular or tetragonal-honeycomb
automatons, in the theory of which well-known concepts of the index of
= neighborhood, local transition, transition function and configuration are
used. Utilizing this theory as the reference point, we can obtain a model
of a moving complex in the form of a finite array, as shown in Figure 3,
which we will regard as part of an infinite array of a special cellular
automaton. The automatons corresponding to individual planetary rovers are
denoted by the numbers in the figure.

When the motion of the complex along the surface of the planet was simulated,
we were not interested in the time evolution of the state of individual
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planetary rovers of the complex, but studied the arrangement of the complex
on an unchanging surface. Therefore, we created a mathematical structure
similar to a cellular automaton and called this the demonstration space.

1. Let us assume that an infinite plane is divided into equal squares with
unit area. The uenter of one square is selected as the origin of the
Cartesian system with axes parallel to the edges of the network of squares.
The position of the center of each square is determined in this coordinate
system by a pair of whole numbers. Let us assume that D = {(i, J): 4, 3
are whole numbersf. The elements of set D determine the position of indivi-
dual squares of the array. The squares of the array represent the surface
of the planet in the given scale.

2. We placed one identical copy of the automaton with a transition diagram
indicated in Figure 4 in each square of the array, where s 5;{?£1): k=4,
eeeynand 1 =0, ..., 4]. It is obvious that the set

oS = {301 $1y 83, SQ}U{si‘): k= 4, .. wh = 0,.. " 4}

\

is the set of states of automaton G.

Figure 4. Diagram of Transitions of Automaton

When Gy, i.e., automaton x in square x €D is in one of states sy, sy, s3 or
sg, this means that there are obstaclas A, B and C in the corresponding region
of the planetary surface or there are no obstacles, or the planetary rovers

of the complex are not located there. If Gy is in state Sicr this means that
the planetary rover of the complex with number k is located in the correspon-
ding square of the planetary surface (see Figure 3) and is moving in direction
1. (1f1=09, 1, 2, 3, 4, the planetary rover is imrobile, is moving upward,
is moving downward, is moving to the right or is moving to the left, respec-
tively.)

3. Let c be an arbitrary mapping from D to S, c:D - S, and let A(D, S) be a
set of all these mappings. We will refer to mappings c the same as for the
configurations and set A(D, S) will be called the space of configurations.
Let us briefly call image x, which is element D in configuration c, denoted
as c(x), as the contents of x.

4. Let N,:D — D9 be the function of the neighborhood of configuration c,
- given in the form

Nc(x)(z)=-t+ah-- ..I+a§, :+a,(c(z)).. o z+a°(c(z))'
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where x € D, a3 = (0, 0), ag = (-1, 0), a3 = (1, 0), ag = (0, -1), ag = (0, 1),
ajlc(x)) =yy ~x, yy€ED, i =6, 7, 8 9,

We note that for each value of x € D the neighborhood consists of two parts:

a) a fixed part x + a, 1 = 1, ..., 5 and b) a variable part x + aj(c(x)), i =
=6, 7, 8, 9, which depends on contents x and may vary with variation of con-

figuration c. The variable part of the neighborhood is considered only in
cases when

cRE k=4, n1=0,...,4.

Then y; in expression aj (c(x)) = Y4 = x is the coordinate of the position
vector of the adjacent planetary rover of the moving complex in set D. If
¢(x) corresponds to a peripheral planetary rover which has a number of
neighbors less than four in the complex (all the planetary rovers, with the
exception of No. 5, will be peripheral in Figure 3), we then substitute
aj(c(x)) = yy ~ x for yj, equal to any value z& D, into the remaining ex-
pressions.

According to the same principle, we substitute any value of D in cases when

CREE k=4, n1=0,... 4

for y; in all the variable part of the neighborhood,

Let us assume that N is a class of functions of neighborhood for all configura-
tions ¢

Ne(N:cs4(D, 5)).

Iet us call class N the space of neighborhoods.

5. We shall assume that mapping
c(Ne): D~ 9,
determined in the form

- qu@»=¢@+mL“m@+mL
c(z+ag(c(@)),..., c (z + a5 (c(2))).

is a configuration of neighborhood x €D to configuration c.
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6. Lot G :S%? - S be the mapping which satisfies the conditions

0 (¢ (Nu) () = 0 (¢ (z -+ @)oo c(z 4 ap)) 11";1 ¢(x) = s,
0 (¢ (Nemy () = 0 (¢ (2 + a,)) = f(z) pan c(@)==snh=1,2 3

Let us call mapping &' a local transformation.

Definition. The demonstration space is a space determined by four parameters
(D, S, N, G~), where D is a set of ordered pairs of whole numbers, S is a

- set of states of the automaton indicated in Figure 4, N is the space of
neighborhoods and G is the local transformatioi.

] I 4 7” P
VA ——blfl,f) —e [ e A /l,,)‘/

A(85) .

Figure 5. Operating Diagram

As can be seen from the definition, the specific nature of the demonstration
space is determined by the characteristics of the cellular automaton indicated
in Figure 4 and is mainly the innovation of introducing object N (the space
of neighborhoods). The neighborhood of each automaton does not depend on the
location occupied by the cell in the classical cellular automaton and remains
fixed both in configuration and during the course of evolution of the. cellular
automaton. On the other hand, the neighborhood of each element is a function
of the configuration of a given moment in the demonstration space and, there-
fore, varies with each step of discrete time.

It was assumed in 0ld concepts of cellular automatons that a complex has fixed
connecting links between elements; on the contrary, the demonstration space
describes a complex with time-variable links between elements. The links
vary at each step of discrete time, i.e., N is then a set of all possible
links between elements of set D of the demonstration space.

The operating diagram. The operating diagram of transition from configuration
¢t to configuration c¢4) is shown in Figure 5. The initial configuration of
the demonstration space and thus the projection of the obstacles of the real
surface of the planet in the corresponding elements of set D are given by
mapping ¢ (see the setting of the automaton to the corresponding isolated
states in Figure 4). The cells of the automaton of that part of set D which
corresponds to the initial position of the moving complex on the surface of
the planet are simultaneously set to the corresponding states. The correspon-
ding neighborhood and the configuration of neighborhood are determined during
evolution of the demonstration space, which follows the given configuration
Ct. It is obvious that mapping c(N) is actually a ninefold shift of
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configurations. The local transformation &' is given by the set of algorithms
of behavior of individual planetary rovers. Let us indicate the conditions

to which the transformations in the automaton should be subordinated: a)
targets of all types should remain at the same location in all configurations
and b) if the cell is empty, it gathers information only from the four adja-
cent neighbors. This situation can be changed only if the planetary rover

is located at any of these neighbors and moves in the direction toward this

cell.
—_
7 2
—
| 7 y ,_J
s
—
;
R o S Erpa

Figure 6. Diagram of Algorithm: 1 -- determination of direction
from gradient; 2 -- random search of direction; 3 --
investigation of surrounding medium (x, -x); 4 -- in-
vestigation of surrounding medium (y, -y); 5 -- position
of complex "running aground"; 6 -- length of connecting
links; 7 -- new position of element:

If the cell is in a state which indicates the presence of the same planetary
rover in a given section of space, the algorithm of variation of state (i.e.,
transformation ¢ ) is used, a block diagram of which is shown in Figure 6.
The algorithm of the random search for direction, which will provide extrica-
tion of the complex from the "trap" of obstacles if possible "running aground"
occurs, is also contained in this transformation. In this case the neighbor-
hood is determined so that a given cell gathers information, on the one hand,
from four adjacent neighbor cells and, on the other hand, from cells whose
state is simulated by the presence of adjacent planetary rovers of the moving
complex. The initial configuration with zero number and three subsequent
configurations with numbers 30, 100 and 150 of demonstration space with

120 x 60 = 7,200 cells during one experiment conducted on a digital computer
are shown sequentially in Figures 7, 8, 9 and 10, The darkened rectangles in
the figures fully represent the planetary rovers of the complex and obstacles
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of type A are denoted by "-," those of type B are denoted by "+" and those
of type C are denoted by "*." The target is the extreme value of the scalar
field described by the equation

' 1
/(3'y)=1+(=—9 )+ (Y — 467

Its position in the selected coordinate system is thus determined by vector
(95, 46).

it
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Figure 7. Configuration No. 0
KEY: 1. Target

- Conclusions. The results obtained in experiments on a digital computer showed
good efficiency of the developed algorithms of artificial thinking. The
efficiency of the self-contained moving complex's reaching the target in a
random gituation must be evaluated by three interrelated criteria: the pro-
bability of reaching the target Pg, the time required to reach the target Tq
and the cost of reaching the target. The mean value of the cost is deter-
" mined approximately by
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106
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

.



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICIAL USE ONLY

‘s

*‘ [T

Figure 10. Configuration No. 150
KEY: 1, Target

where L is the mean length of the trajectory, A is the mean number of changes
of orientation of planetary rovers of the complex by angle /2 and q, and
qp are the corresponding values of costs for L and A separately,

Only the method of stochastic experiments, by modeling the behavior of the
complex on a computer, can be used in practice to estimate functions Pg =

= £1(Tq, Qa), Tq = £2(Pq, Qq) and Q4 = £3(Pq, Tq) in the presence of randomly
arranged obstacles. The most recently published photographs of the surface

of Venus at the point of landing of the "Venera-9" station, which can be used
as the basis for similar experiments after photogrammetric restoration of the
situation, may be cited as an example of a field of randomly arranged obstacles.

Digital computer experiments permit one to analyze another criterion of effi-
ciency, namely the ratio v = Pyq/P (9), where P(9) ig the probability of
reaching the goal by an individual planetary rover and Pq is the probability
of reaching the goal by the complex.

The complex described here can be used not only to investigate the surfaces
of remote planets, but also for scientific investigations in dangerous zones
and under water. In the latter case it is even easier to change the position

of the elements of the complex. Aan algorithm of the behavior of the elements
of the complex as a purposeful joint group may even be formulated with slight

107

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICTAL Us: INLY

modification if metal wires are not used to create tension and if other means

of communications are used. A wide range of problems in which the locatien

of the target varies in time (i.e., the position of the target varies accor-

ding to the increase of incoming information about the surface of the planet)

or in which the parameter of the scalar field, i.e., temperature, varies in

time, may also be investigated. These are cases of the problem of pursuit,

for solution of which the principles of organizing a self-contained moving -
complex described above are possible,

BIBLIOGRAPHY
1. Xatys, G. P., V. M, Il'inskiy, I. K. Mel'nichenko and S. Ye. Zdor, "Some
Problems of Construction and Control of Automatic Devices for Invegtiga-
tion of Planetary Surfaces," in “Upravleniye v kosmoge" [Control in Space] , -
Vol. 2, Moscow, Nauka, 1972,

2, Benes, J., "Hyberneticke systemy s automatickou organizaci" (Cybernetic
Systems With Automatic Organization], Prague, Academia, 1966,

COPYRIGHT: Izdatel'stvo "Nauka", 1978

6521
Cs0: 1870

108

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100060001-3

FOR OFFICTAL USE ONLY

PUBLICATIONS

COMPUTER STRUCTURES AND SOFTWARE

Moscow STRUKTURY EVM I IKH MATEMATICHESKOY OBESPECHENIYE (Cor,.uter Struc-
tures and Their Software) in Russian 1978 pp 2-7, 154-171

(Annotation, table of contents, foreward and chapter 3 from book by L. N.
Korolev, Glavnaya redaktsiya fiziko-matematicheskoy literatury izdatel'stva
Nauka, second edition, revised and expanded, approved by the USSR Ministry
of Higher and Middle Special Education as a textbook for students of higher
educational institutions in Applied Mathematics specialties, 352 pages)

(Text] The book contains a review of domestic and foreign general-purpose

computers. It includes the structural features of some of the most inter-

esting computers, their software and the influence of programning concepts
- on computer structures.

The book 1is intended for students in the second and third courses speciali-
zing in the field of systems programming and computer software. It may be
useful to auditors at faculties for increasing qualifications. The book
should be considered an introduction to the study of computer structures
and should give a general idea of those directions being taken by computer
development.

The second edition has been revised and expandad. The first edition was
published in 1975.
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FOREWARD

The basis of the book is the contents of a course of lectures on computer
structures given over a period of several years in the school for mathe-
matics and cybernetics of the Moscow State University for students in the
second and third courses and for auditors of the faculty for increasing
qualifications affiliated with this school.

The idea of creating such a course belongs to academician A. N. Tikhonov
who in his time suggested to the author the scope of information which
should be included in this course. This course of lectures was entitled
"The Structure of Contemporary Computers".

In working on the book the author tried to include information about the
most characteristic contemporary domestic and foreign computers. The de-
velopment of computer hardware is taking place so rapidly that many compu~
ters which were considered modern in structure and technical implementa-
tion four or five years ago can no longer be considered so today.

Information on the structures of computers already removed from production
now 1s also contained in the book. This material is also useful since it
shows the evolution in the structural organization of computers, the ideas
held previously in the field of computer technology and the influence of
software on the development of computer structures. Less attention is
given in the book to the subject of software since in spite of their inti-
mate connection with questions of structure they require a separate more
detailed examination.

The computers considered in the book are intended primarily for scientific
and technical calculations. An attempt to cover all aspects of computer
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hardware development in one book would' make it too large in scope and less
accessible to a broad group of readers.

Academician Sergey Alekseyevich Lebedev is the founder of computer hard-
ware development in our country. The author had the fortune to work for
many years under the guidance of this remarkable man who developed the BESM
computer series. With his name is associated an entire epoch of computer
hardware development in our country. S. A. Lebedev was one of the first

to comprehend the enormous significance which computer technology would
have in all areas of scientific and industrial activity for society.

The intensive process of developing ever newer computers is taking place in
all countries.

A large amount of attention was given to the subject of developing computer
hardware and software in the resolutions of the 24th and 25th CPSU Congresses
and so their important role in the process of the scientific and technical
revolution is emphasized. The dissemination of knowledge in the computer
technology field is urgent and vital since ever larger numbers of people are
connected in one way or another with computers. The author hopes that the
book he is offering will be useful in this way.

The second edition of the book differs in that material on new computers is
introduced, more attention 1s given to the YeS computer series and some of
the figures and parameters have more defined more accurately,

The author was assisted in working on the lecture course and the book by
many coworkers of Moscow State University and the Institute of Precision
Mechanics and Computer Engineering of the USSR Academy of Sciences to whom
the author extends his gratitude.

Chapter 3. Soviet Fourth Generation Computers

1. Premises in Developing Computers of the New Generation

Almost 30 years of computer hardware development, its introduction into
many areas of science, industry and control and development of the theory
and practice of programming are yielding rich material for scientific
analysis, generalizations and, fundamental for further development of this
area of knowledge, elaboration and production.

As usually happens in any area of science and engineering under development,
each forward advance opens up new prospects and is inclined to present a
whole new gset of problems and tasks needing to be solved on which further
progress depends.

In this section we will attempt to cover in more detail some problems of
this kind with one very simple goal: to answer the question why a
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sufficiently well-developed and well-tested third generation computer
structure dees not satisfy the requirements of future development,

Efficicncy in Using Computer Systems

Computer systems hardware and their software area, I am sorry to say, the
most expensive products of modern industry. And this is still true in
spite of the fact that hardware costs are being reduced constantly,

Analysis of the capacity of computers operating in the package processing
mode indicates that in a number of cases these expensive systems are not
utilized efficiently enough. This is not simply a reference to the large
ratio of downtime to operating time of computers which sometimes reaches

50 percent. If computing time is analyzed carefully, it seems that more
than half of this time is spent in debugging programs in much of the equip-
ment. The portion of time spent on computing debugged programs, i.e.
obtaining results useful to society, amounts to a rather small part of the
overall machine time.

A very appreciable part of the overall computer operating time is consumed
by the process of translating, gathering and editing communications, steps
necessary for preparing problems to be computed.

If one thinks of the remote time of using first generation computers and the
first steps in programming when the role of translator, program assembler
and communications editor was played by a programmer-expert who coded the
program in digital machine code, then it can be said that now the overhead
for each operation from the use of an executed instruction has grown by a
factor of two to three.

The use of high-level languages, of all of the powerful, modern hardware
for automating programming including translators, loaders, macrogenerators,
libraries, debuggers and so on is reducing costs considerably and cutting
down on the labor of a large army of programmers and computer users. Ac-
cording to many evaluations, computer use for elaborating and preparing
prcblems for computing results in a 10- to 15-fold reduction in expendi-
tures of intellectual labor of specialists, in time at any rate. For this
reason, the overhead mentioned is actually very useful work which yields

a direct economic return.

Nevertheless, the problem of changing the ratio of time spent by the compu-
- - ter on problem preparation and on obtaining useful results to the benefit
of the latter remains urgent.

The problem of using the hardware efficiently can be viewed from some other

points of view directly concernmed with the subject of the structural organi-
zation of computers.
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An extengive instruction set is characteristic of general-purpose third gen-
eration computers. The arithmetic-logic unit 1s able to execute operations
on numbers in various forms of notation, on byte strings and on logical
data. In the translation process, a small subset of the entire instruc-
tion list is useu primarily. For the most part these are instructions as-
sociated with translating texts, The capabilities of the ALU in executing
arithmetic operations with floating point with double precision are not

used at this time.

On the other hand, instructions for processing textual data are not employed
in the process of executing problem computation. This means that, in

fact, at different processing stages either those or other computer capa-
bilities are not in use. If only one processor is operating in the com-
puter system, its operating units which implement the instruction system
capabilities are used less than 30 percent in practice. Imagine that

there are two processors in the computer system, one of which is well suited
for translation and the other best suited for executing arithmetic opera-
tions. If it is supposed that they may operate in parallel, it can be ex-
pected that the ratio of active use of the hardware wiil increase notice-
ably. In one or the other processor the internal idle time of the logic
units will be reduced during some period.

But in this case a new problem arises, the problem of balancing such a sys-
tem. If the processor-tranmslator is prepared to compute problems very ra-
pidly and the processor-counter computes them slowly, then invariably the
time will come when the processor-translator has to stand idle and wait,

A similar picture 1s observed in using the most expensive part of the com-
puter, the main memory. If we observe the dynamics of access to the OZU
[main memory] during computing, we can see that some of the memory fields
are standing idle for a considerable time and there is no access to them,
There are significant numbers of these fields passive for a certain time.
Executed calculations based on analysis of the dynamics of memory access
during the solution of actual problems show that 10 to 15 percent of the
OZU is used actively. Another factor limiting the efficient use of hardware
is the sequential nature of algorithms. If we calculate the expression

a+bxec, *)

then we should first multiply and then add. If there are an addition unit
and a multiplication unit for executing multiplication operations in the
computer which may operate simultaneously, then in the given case the addi-
tion unit will be idle pending completion of the multiplication unit's op-
eration, i.e. it will not be in active use. It can be shown in this way
that the essence of the algorithm with its basically unavoidable sequence
is that whatever artificial procedures we use it is impossible to escape
the sequential computing and the idle time of operating units agsociated
with it. However paradoxical it seems, the statement that it is possible
to construct a computer (a hypothetical one, of course) which will compute
and preset algorithm in parallel can be proved. Th~ proof of this state-
ment 1s as follows. Formula *) may be thought of as the given transformation
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of numbers a, b and ¢ into some other numbers r = a + b x c. Not qualify-
ing the generalization, it can be computed that numbers a, b, c and r are
assigned to a binary formula. Thus, we speak of converting a given set of
zeros and ones representing the series of numbers a, b and ¢ into another
given set of zeros and ones of the r series. Now we will attempt the
theoretical construction of a unit with any acceptable combination of a, b
and c applied to the input and immediately a combination designating the
proper result r should appear at the output. As is known from Boolean
algebra, it is possible to construct a disjunctive normal formula for any
function. In turn, we may consider the i bit of the result r as the logic
function.

ry =y (al,az,...,an,bl.bz,...bn,cl,cz,...,cn),

where ay, by, c4 are bits representing the possible values of a, b,and c.

In this case, considering that any function of ry (any bit of r) 1 = 1,2,...m,
where m 1g the number of bits of the result, may be represented by a dis-
juctive normal formula with the logic operations AND, OR and NOT. It is
possible to construct m processors (or m circuits) which produce the re-

- quired result in simultaneous operation. We may theoretically comstruct
such multiprocessors for each actual algorithm and it would seem that it
would be possible in this way to circumvent the sequential nature of the
algorithms. However, in reality there are an infinite number of actual al~
gorithms and because of this more highly developed abstract discussions

have no practical significance. On the other hand, they do make it possible
to some extent to examine in general attempts to implement so-called com-
pute: environments, multiprocessor systems which are dynamically adjustable
for actual algorithms. The primary capability of parallelling any algo-
rithm justifies those efforts initiated now for practical solution of this
problem within those or other limits.

The structure and architecture of third generation computers is adequately
adapted for solving the problem of parallel, and this means more efficient,
use of the operating units of the computer system since this structure re-
flects well enough the traditional view of the algorithm as a given sequence
of operations.

New Level of Interaction between Man and the Computer System

The development of terminal access to computer systems, time sharing sys-
tems and man-machine dialog systems is resulting in the need to solve the
problem of surmounting the language barrier which exists to this day be-
tween the mass of users and computers. In spite of the fact that the range
of algorithmic languages developed until now and used for interaction with
computers is very broad, nonetheless these languages must be learned and
this barrier overcome. For the very reason that a general-purpose opera-
tiong set is bound to lead to inefficient use of general-purpose algorith-
mic languages, programs are being generated that operate considerably more
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slowly than they would operate if the specifics of the actual subject
area and the features of the actual computer were included in them. Even
translators with capabilities for optimization are 1.5 to 2 times slower
than meticulously composed programs in machine language.

The specifics of actual subject areas may be included by developing so-
called object-orientad languages resembling a certain field understandable
to specialists and speclalized programming systems which "comprehend" a nar-
row problem category and "know how" to take this characteristic into account
in designing effective operating programs. The basic design of such lan-
guages according to the evidence should include a much higher semantic con-
tent than the structures of general-purpose languages. The simple, easily
formulated structures of these languages may stand for very basic concepts
or simply refer in the final analysis to computations on very large programs
or to the operation of entire program complexes. Such object-oriented lan~-
- guages, as a rule, are difficult to formalize, Interpretation of their
structures or sentences very much depends on the context and for this rea-
son they are never classified as formal. Analyzing languages in this cate-
gory leads to great difficulty since this analysis requires resting ulti-
mately on the physical rules existing in the corresponding subject field.

Along with the emergence of object-oriented languages, a new generation of
general-purpose languages 1is appearing which to a great extent resemble
meta-languages intended for describing new structures and their relation-
ships, 1.e. for describing semantics concepts.

The new generation languages are a further development of the procedural
method since describing a procedure may be considered the introduction of

a new construct using source reference media. However, in the old languages
procedure descriptions served mainly for indicating a set of operationms
with several fixed data types. In general-purpose languages of the new
generation there is the capability of entering new types of data, completely
new projects and new interactions between them. Pascal, SLU and to some
degree ALGOL-68 may be used as examples of such languages.

Computer structures of the new generation should reflect these trends to-

ward developing general-purpose languages and toward the emergence of ob-

ject-oriented nonprocedural languages. In particular, the new level of

interaction between man and the computer implies the advent of display de-

vices and voice signal complexes, 1.e. image representation and concepts

- very far from the customary concepts of numbers and codes, as language fa-
cilities and processing equipment.

Multiple User Systems

Such systems are being developed rapidly at present and placing a number
of new problems before computer and software developers. Information re-
trieval systems (IPS) for the most varied purposes are receiving the broad-
est distribution in the category of time sharing systcoms, At the current
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developmental stage of IPS's it is significant that one and the same in-
formation stored in the depths of the computer system is used by different
groups of specialists for various purposes. One connection between items
displayed in the stored data interests one and altogether different ones
and the relationship between them interest another,

Long ago the problem of data base control emerged, understood on the logi-
cal level as the copability of describing very randomly the relationships
among its elements and applying the relationships to a large amount of data.

At a much lower level this problem is induced by the task of filing, stor-
ing readjustments and organizing rapid access to the data base displayed
in the auxiliary memory unit of the computer. The appearance of numerous
studies and developments on systems for data base control, the appearance
of specialized languages, various declaration models and corresponding
programming systems speaks for itself. The path from the simplest library
organization to network and relational models based on the set-theory in-
terpretation of the dependency of element relationships has been covered
only in the past 8 to 10 years and is still far from being finished.

It is thought that the problem of organizing banks, data bases and filing
systems is the number 1 problem in the software systems of contemporary com-
puter complexes. Any program system no matter how complicated rests in the
final analysis on the foundation of "computer know how", 1.e. on the ba-
-818 of information consisting of programming modules, standard procedures,
stored source data and so on. Obviously, the efficlent c¢peration of such
programming systems depends to a large degree on how rapidly it is pos-
sible to reach the required data. In multiple user access systems, the
problem of protecting data from unlawful interference which is part of

the difficulty with the cooperative availability of facilities making it
possible to change, supplement and eliminate data is very important.

Data software control is changed to a‘given independent software probiem
and should be reflected in future computer system structures.

Multiple uger access to a computer system gives rise to the need to in-
crease the number of active tasks being accomplished and also the need
. for dynamic reallocation of resources.

With a large number of users having simultaneous access to the computer
hardware, the overhead associated with dynamic reallocation and shifting
of the services may increase so much that it causes a sharp increase in de-
lays in the system and an increase in the time spent waiting for a response.

The problem of optimum scheduling and reallocation of resources and par-
- ticularly the very rapid shifting from problem to problem may be solved
only by special structures and technical solutions adopted in designing

new computer systems. It is impossible to say tha: this problem has been
well enough solved in traditional third generation computers.
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Linking computers in networks requires solving a whole series of problems
related to the logic of interaction of the computers by telephone, tele-
graph and wideband communication lines. This interfacing has several lev-
els: idnteraction of problems among themselves, interaction of operating
systems among themselves, the organization of two-way communications and
the organization of data flow in data transmission networks.

This type of computer system operation has a specific nature in addition
to its software and its own criteria of efficiency and should be considered
in designing new computer systems.

Technical Prerequisites in Developing Fourth Generation Computer Systems

It cannot be assumed that the problems mentioned above related to the need
for increasing the efficiency of hardware use, to the requirements imposed
by new intercommunication languages, to the development of software and
data banks, to the organization of multiple ugser access and computer net-
works all arose suddenly and faced computer hardware speclalists with the
fact of the incompatibilities of third generation computers with the new
requirements. .

The foundation for solving the problem mentioned has been laid in one or
another form in third and even second generation computer structures. We
have briefly discussed experiments on grouping Minsk-22 computers operating
with a common memory. In YeS computers series 1 have also been included
some facilities for grouping which provide for the basic capability of per-
forming parallel computing using several central processors. But all of
this has been done within the limits imposed by the technical level of the
component base available to the designers at that time. Expansion of the
production of large-scale integrated circuits, the microprocessor compo-
nent base, the advent of large capacity electronic memories with both very
high speed response and no less important, a reduction in the cost of the

1 listed electronic equipment and an increase in its reliability all are
making it practically feasible to incorporate new structural features which
solve the stated problems in computers to a considerable extent.

In our country intensive research and development are being done on new gen-
eration computers. Apparently, it is possible to speak of four main con-
ceptual directions for these developments. The first direction of evolu-
tion is associated with the development of series 3 computers in the frame-
work of the common YeS computer program discussed earlier. The main idea
behind this direction is the enlargement and modification of the internal
structure of this series while retaining program continuity with series 1
and series 2 computers so as to satisfy by this means the main requirements
for future use of the computers in multiprocessor computer complexes and

in computer networks producing output for data transmission networks and
expanded communications with remote users. Expanding the range of virtual
operating environments included in the series 3 computer is the direction
associated with the emergence of object-oriented languages and systems.
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The second direction is related to the failure of the traditional third
_ generation computer structure and an approach to developing multiprocessor
computer systems with internal instruction systems similar to high-level
, languages and manifesting their procedural nature and block structure.
= With this direction are classified El'brus computers which will be discus-
sed in more detail below.

The third trend is assoclated with the development and establishment of re-
arranged uniform multiprocessor computer facilities adapted for solving
problems subjected to parallel processing at the input algorithm level.

A picture of such a multiprocessor complex may be obtained from the study
in the footnote *) where its structure is described as follows. The cen-
tral computer system consists of a uniform control field and a uniform de-
cision field. Each field is a set of single-type specialized blocks imple-
mented on an Integrated microcomponent base.

The control field element is concerned with instruction processing and each
such instruction processing block (BOK) may execute its operation indepen-
dently. The control field blocks may process instructions of several dif-
ferent common memory fields. In essence, each BOK 1s equivalent to the
control circuits of traditional computer in function and is involved in
selecting an instruction from the memory, decoding it, computing the ef-
fective address, selecting operands and so on.

The decision field consists of single-type elements representing an arith-
metic-logic unit capable of executing logic and arithmetic operations on
several types of data. Each such arithmetic unit may operate automomously
and independencly of its own neighbors in the field.

The control field modules prepare the order queue for the decision field.
An order consists of the operating instructions and operands underlying
the conversion. From the overall order queue generated by the control
field, any free element of the decision field selects & request for execu-
tion, sets up a connection with the proper control element, executes this
request and transfers the result to the element initiating it.

The special operating system modules allocate parallel branches of a single
task among the control field elements.

Translators or the user should be responsible for seeing that the source
problem written in high-level language 1s divided into branches executed in
parallel. A special processor which executes operating system functions

is part of the system.

*) Prangishvili, I. V.; and Ryazanov, V. V. "Mnogoprotsessornyye upravlyayu-
shchiye kompleksy s perestraivayemoy strukturoy" [Multiprocessor Con-
trol Complexes with Rearranged Structure], Moscow, ITM 1 VT, 1977.
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The control and decision fields may contain a different number of elements.
The productivity of the system with maximum marshalling is 100 million opera=
tions per second. A main memory with modular structure equally accessible

- to all of the control blocks of the decision field is part of the system,

A dual-processor complex based on an SM-2 minicomputer is used as the pro-
cessor which executes the operating system functions making it possible to
interface the series of external units of the ASVT-M system with the sys-

tem.

The organizing principles described above make it possible in the computing
mode to reallocate resources both of the control and of the decision fields
and to achieve versatile rearrangement of the system as a whole also.,

This also allows the accomplishment of multiprogram computing.

The most complicated problem in using systems organized this way efficiently
is synchronization of the branches of a single task using common data ar-
rays and scheduled division of the control field elements into subbranches
or independent tasks for the purpose of loading the decision field elements
more efficiently. Thus, in the operating system of the given multiproces=-
sor complex there is a complicated problem classed with discreet program-
ming problems. At present, the subject of approximating the computer struc-
ture to the high-level programming languages and also transferring a num-
ber of software functions to the computer hardware is widely discussed

among specialists associated with computer hardware and programming.

These questions are being studied particularly intensively right now when
the potential has appeared for implementing the most complex logic opera-
tions on a single large-scale integrated circuit chip. At present the
following structural circuit of a software system has been constructed to
Some extent consisting of several self-regulated operations or blocks.

The first block is control programs which organize the input of source data
and its storage in the input field. In this block is located control of
the inquiry logic of the data sources: a punchcard reader and remote ter-
minals, users terminals and consoles. Those components of time sharing
monitors which control reception from individual users consoles may be
grouped in this block. The input unit also accesses the file system for
resources to allocate the obtained input data to a buffer memory.

The next large software circuit block accessing the input field organizes
the translation of programs from various languages to the object language
of the loading module. The translated module is allocated to a storage
field of the object modules for which resources should be selected from the
file system.

\ In any software system in one or another form there is a block with static

loader functions which assembles the program from the block-modules and
allocates it to a problem field prepared for dynamic loading and solution
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The next block, the system supervisor, controls multiprogramming solution
of problems changed into active form, taken from the problem queue and pre=-
pared for solution, In the solution process the results of computing are
accumulated in the output field, resources for which are all selected from
the same file system in the dynamice of computing. Finally, there 1s a
large block in the software system which performs the required editing and
output of the results in a print-out and to peripheral systems.

This very rough software circuit may be given in detail when necessary.

The principle of transferring software functions to the hardware may be exa-
mined not only from the point of view of increasing the level of the inter-
nal machine language. There can be an attempt to develop a nonuniform mul-
tiprocessor system consisting of specialized processors which efficiently
execute the operations of each large block of the software system. In this
g fourth direction of developing nonuniform multiprocessor systems, research
= and development are also being done.

2. El'brus Multiprocessor Computer Systems

- In developing these systems attention was focussed primarily on three prob-
lems: "efficiency of equipment use, the capability of accomplishing maxi-
mum productivity and the development of highly reliable subsidiary struc-
tures having the capability of gradually increasing the productivity based
on adaptation to solved problems".*

Here we will give a brief account of the complexes mentioned with which it
is possible to some extent to speculate on structural solutions adapted
for achieving the indicated goals.

The El'brus system with a productive capacity of from 1.5 million opera~-
tions per second to 10 million operations per second and the high-produc-
tivity E1'brus-2 system with an overall high-speed response of more than
100 operations per second are part of the gseries of multiprocessor compu-
ter systems.

The El'brus-1 and El'brus-2 systems are constructed on the very same struc-
tural principles; their modules are functionally identical and their pro~
cessors have an identical instruction system and functionally identical
unified operating system (EOS).

The main modules of the El'brus computer system are: 1-2 central proces-
sors, main memory modules (4-32), input-output processor modules (PVV)
(1-4), data transmission processcr modules (PPD) (1-16) and modules for
contralling drums and disks forming a system for bulk storage control.

* Burtsev, V. S. "Printsipy postroyeniya mmogoprotsessornykh vychislitel'-
nykh kompleksov El'brus" [Principles of Constructing the El'brus Multi-
processor Computer Systems], Moscow, ITM i VT, 1977.
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The main memory of all the system's processors is accessed through a program
distributor in which the functions of elimination of malfunctioning memory
blocks and placing reserve blocks in operation are also located. Relia-
bility of the computations is ensured by developing a hardware control sys-
tem to control both the processor operation and the dats trancfer opera-
tion in all levels of the system.

The instruction system of the central processor ie based on the prineiple
of push-down memory access and on hardware implementation of the stack.

The internal machine language is suitable for inverse use of prefix nota-
tion and operating codes exccuted on the operations positioned at the top
of the stack. Not the operands themselves but references to procedures which
compute the values of the required operand may also be found at the top

of the stack. In its construction principles the central processor instruc-
tion system is similar to the instruction system of such computers as the
KDF-9 and Burroughs whose structure is usually considered nontraditional,

At the game time, the instruction system and data organization have inher-
ent differences in the direction of more developed hardware for descrip-~
tion of data types, their protection and memory allocation methods. The
stack mechanism 1s used widely not only for dynamic memory allocation to
accommodate local targets of the programming blocks and procedures, but
also for recall of control data in convercing to a lower level of indenture
of procedures and for recall of data on the address environment of prob-
lems during interrupts and switching from problem to problem. In the El'-
brus instruction system there has been further development of the descrip-
tor hardware reflecting such high-level language constructs as procedure,
array and data declarers.

Each data item in the memory is supplied with additional control digits
(tags) containing information about the data type and different control
tags including tags for read and write protection. The extensive use of
the stack mechanism, descriptor and declarer hardware and the capability
of indicating the level of indenture all make it possible to construct
so~-called "clean" re:nterable (recycled input) procedures or programs in
which references to the address of items in the mathematical or physical
memory are not explicitly present.

_ This is very important in organizing computing in multiprocessor systems
gince it allows the very same program material to be used simultaneously
by several processors operating with different data. The descriptor and
indirect reference hardware make it possible for different programs to
have simultaneous controlled access to common data which 18 useful in

3 solving some complex problems.

In developing the El'brus system great attention was given to the problem
of synchronization during parallel executfon of branches of a single prob-
lem on common Jata, {.e. the problem of process synchronization. Many
synchronization operations are carried out at the hardware level,
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The PVV module, the input-output processor, 18 a specialized computer
with its own local memory and the capability of accessing the main memory,
It controls the interface of the system with peripheral equipment. Parts
of the PVV are rapid channel blocks and standard channel blocks. On its
part the rapid channel block consists of four selector channels serving
up to 64 high-speed users each, The selector channels are designed for
interface with such units as high-speed magnetic drums and floppy disks.
The standard channel block contains 16 channels serving up to 256 external
users. A standard channel provides multiplex service to comparatively
slow peripheral devices such as magnetic tape, input-output units and so
on. In addition there 1s a unit for connection to data transmission pro-
cessors (up to 4 channels).

The main function of the PVV 1s to relieve the central computing system of
the operations of organizing transfer queues, of reacting to interrupts

on input-output, of optimizing servicing of transfer requeast queues. One
PVV provides maximum transfer speed on a high-speed channel of up to 4 mil-
lion bytes/second and on a standard channel and a channel connecting with
the PPD of nearly 1 million bytes/second.

The data transmission processor, the PPD, is a specialized computer unit

with versatile program control and a productive capacity on the order of

700,000 operations per second. It has its own local memory in which con-
trol programs providing service to 160 telephone and telegraph communica-
tion lines are located.

As many as 10 grouped couplers may be part of the PPD each of which 1is de-
signed to serve up to 16 telephone or telegraph lines. This unit performs
the function of monitoring and program control adaptation to different data
transmission systems. The data transmicsion processors may serve primar-
ily for constructing remote processing and remote access systems. A com-
munication received or transmitted via telephone or telegraph lines is
subjected to multistage hierarchical servicing in the following circuits:
modem, grouped couplers, the central processor of the PPD, the coupling
unit of the PVV, the main memory and the system's central processor. This
kind of hierarchy sets the higher stages free from routine operation rela-
ted to the detailed analysis of incoming signals, their careful monitor-
ing and a continual increase in the level of logic control.

The operating system constitutes the software base for the E1'brus compu-
ter system. The organizational structure of the central processors makes

it possible to have an operating system in a single unit without depending
on their number. Since dispatcher input-output control functions are
transferred to specialized processors of the PVV and PPD, resource control,
problem flow scheduling, processor resource allocation, monitoring of
viability and reservation control operations are located in control programs
executed by the system's central processcrs. Process operation control

and 1ts synchronization 1s an important function of the central operating
system. The central operating system also executes ordinary call functions
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of programming systems, memory allocation, dynamic call of procedures and
required arrays and file system control. The high-lavel languages ALGOL-60,
FORTRAN, COBOL, PL-1, ALGOL=-68, SIMULA=67 and Pascal should be part of the
programming system of an El'brus computer system. In addition, the El'brus
assembly language, a procedure-oriented, machine-dependent language com-
parable in its capabilities to high-level languages, is part of the program=-
ming system. In El'brus assembly language are included capabilities per~
mitting the design of well-constructed programs. For systems mathemati-
cians a network description language SETRAN has been developed which auto-
mates programming of control algorithms for the data transmission proces=
sor during development of remote processing systems and writes control
programs for receiving and transmitting operations in different data trans-
mission systems.

An integral part of the central operating system is the data base control
system which provides multiple access to the files and is based on a net-
work model of data structures.

The newspaper MOSKOVSKAYA PRAVDA of 8 April 1978 reported that production
has begun in the Soviet Union on El'brus-2 fourth generation general-purpose
multiprocessor systems with an overall productive capacity of more than

100 million operations per second and that at the present time still more
highly-productive general-purpose computers are being developed., This re-
port made by TASS confirms the great value given in our country to develop-
ing high-productivity computers.

Progress in the field of research and development on systems of this type
is proceeding in various directions and this promises the successful solu-
tion of great and difficult problems facing scientists in the process of
the technical revolution and brought to life by the growth of modern in-
dustry and the important problems facing society.

COPYRIGHT: Glavraya redaktsiya fiziko-ma:ematicheskoy literatury izdatel'-
stva "Nauka", 1975; 1978 s izmeneniyami
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PUBLICATIONS

SATELLITE COMMUNICATIONS IN THE 10TH FIVE-YEAR PLAN

Moscow SPUTNIKOVAYA SVYAZ' V DESYATOY PYATILETKE in Russian 1979 signed to
press 15 Mar 79, pp 2, 64

[Annotation and Table of Contents from the book by A.D., Fortushenko,
professor and Phd in the engineering sciences, Znaniye Publishers, 1979,
40,320 copies, 64 pages]

[Text] Modern satellite systems, which are intended for transmitting and
relaying television, telegraph and telephone signals, as well as data and
other types of information transmissfon for weather services, time services,
telemetry, etc. are described in the brochure. The construction of satellite
communications equipment is briefly discussed and some ideas of the prospects
for the development of satellite systems are presented.

The material is designed for a broad circle of readers.

Table of Contents

Communcations engineering in the 10th Five-Year Plan 3
The origin of space flight and communications 12
A comparison of various communications systems 15
The organizational principle of a satellite communications system 17
The composition of a satellite communications system 20
Launching an artificial earth satellite into a specified orbit 22
) On-board repeaters 26
The qualitative indicators of satellite communications shannels 29
Factors which influence the choice of the frequency band for communi-
cations through artificial earth satellites 32
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transceiver station 34
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The network of ground stations for the reception of "orbita" group
confarence information reception

The transmission of newspaper type page images

The MARS -~ small repeater station

The "Ekran" television broadcasting satzllite system

Satellite communications system reliability

The "Intersputnik" international satellite communications system

The developmental prospects for satellite communications systems in
the USSR

Satellite communications systems and the 1980 Olympics
The prospects for the introduction of the 11,7-12,5 GHz band
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communications systems abroad
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PUBLICATIONS

NEW BOOK ON MAN IN OPEN SPACE

Moscow NA ORBITE VNE KORABLYA ("In Orbit Outside of the Transport Ship")
in Russian 1977 signed to press 12 Sep 77 pp 175-176

[Annotation, introduction and table of contents from book by Yu. N. Glazkov,
L. S. Khachatur'yants and Ye. V. Khrunov, Zhaniye, 100,000 copies, 176 pages]

[Text] Preparation was begun after the first space flights in the "Vostok"
program in our country to conduct one of the most important operations:
Space walking by man. A large number of problems solved in open space, the
specific nature of the acting factors and working conditions introduced
their corrections to the cosmonaut training system. The problems of a
cosmonaut's activity outside the sealed compartments of a spacecraft
(station) are considered in this buok and the hardware which support work

in open space is described. The authors of the book are engineer-cosmonauts
and a physician.

Introduction

[Text] A new step in mastering outer space was made in the Soviet Union on
18 March 1965 in accordance with the space research program. Pilot-cosmonaut
Aleksey Leonov was the first to step bravely into open space.

"Why? We had still not become quite familiar with space and already a space
walk!"

The years passed. Cosmonauts and astronauts took space walks many times and
worked in space according to the Voskhod, Gemini, Soyuz and Apollo programs.

The question "why?" was answered by practic?\

On 14 May 1973 the long-term Skylab OrbitalfStation was launched into a cir-
Cumterrestrial circular orbit. Three crewmen were to work in the station.
Hundreds of millions of dollars were expended and the enormous labor of
large collectives of scientists, engineers and workers was invested. And
yet, the meteorite and heat shield of the station was destroyed during
orbital injection of Skylab. Jammed by a fragment of the meteorite shield,
one of the solar panels did not open. The temperature inside the station
increased and an energy shortage was predicted. The launch of the first
Crew was delayed. What to do? Utilize the capabilities of man. Man had to
fly to the station, inspect it and make repairs.
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And astronauts repeatedly made space walks and conducted repalr operations
at an altitude of approximately 400 km. The solar panel was released and
opened. Instead of the destroyed heat shield, a shield dalivered from the
earth was installed. The station's efficiency was restored. A human, who
went into open space with tools in hand, saved the scientific research pro-
gram,

Thus, the answer was given by practice. Another question arises. An emexr-
gency related to disruption in functioning of the external systems occurs on
a space object. Can man, located in the relatively safe situation of the
spacecraft cockpit, direct special automatons to eliminate it. He can.

Only with the single stipulation that if he knows before launch that this
part will fail, then this process requires interference. But this is hardly
probable. The crew of the Apollo-13 spacecraft were trained to correct a
large number of failures, but the unexpected happened during the flight.

How and what a cosmonaut can do, leaving the spacecraft in orbit, what are
the results of his labor and what is the change of main psychological func-
tions -- our book is devoted to these problems.

In the first section, considering the problems of space walks and a complex
of operations which man should perform outside the spacecraft, we tell about
the main methods of emerging from the spacecraft in orbit and about the
technical basis of accomplishing them.

Outer space creates a number of conditions which oppose a cosmonaut's space
walk; therefore, the characteristic features of human functioning in open
space are analyzed in the second section of the book. We determined two
complexes of acting fzctors. These are the physical factors of environment
and factors related to its effect on the mental state of man.

Human activity in open outer space and the program of transfer of two crew
members from spacecraft to spacecraft during flight are considered in the
next sections of the book. 1In the first case the results of studying the
psychophysiological, emotional and biomechanical characteristics of crew
activity are outlined in detail and a subjective account and the results of
engineering-psychological analysis are given in the second case.

In conclusion, experimental investigations of promising equipmen. and prin-
ciples of locomotion in open space is related.

The reader will see that the authors, illustrating one or another idea,
frequently present examples from foreign technology. Aand this is not acci-
dental since, we feel, models of foreign spacecraft and their onboard systems
are less known to the reader than is Soviet space technology.

The fate of the book naturally disturbs the authors. And we do not want to
transform our book into a manuscript of man's making it another step into
unknown, but hostile, weightless and essentially unoriented outer space.

We analyze, make conclusions and make suggestions.
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PUBLICATIONS

SENSORS AND AUXILIARY SYSTEMS OF SPACE APPARATﬁS, ROBOTS AND MANIPULATORS

Moscow TRUDY 8-0G0 MEZHDUNARODNOGO SIMPOZIUMA IFAK PO AUTOMATICHESKOMU
UPRAVLENIYU V PROSTRANSTVE: DATCHIKI I VSPOMOGATEL'NYYE SISTEMY
KOSMICHESKIKH APPARATOV, ROBOTY L MANIPULYATORY in Russian 1978, Vol 4
signed to press 8 Aug 79 pp 3-4, 163-164

{Annotation, foreword and table of contents from book edited by B.N. Petrov
and V, Yu, Rutkovskiy Izdatel'stvo "Nauka", 1150 copies, 164 pages)

UDC 62-50:629

[Text] The fourth volume contains material on the design of locomotion
systems: robots and manipulators, Also considered are problems of making
new sensitive elements of systems for stabilization, orientation and gui-
dance of space apparatus, such as star sensors, speclal optical sensors and
sensors of attack and sideslipping angles. The contents are intended for
a wide circle of engineers, post-graduate students and scientific workers
in the area of automatic control.

Foreword

The 7th International IFAC [International Federation for Automatic Control]
Symposium on automatic control in space took place from 17 to 21 May 1976
in Rottach-Egern, FRG. The mission of the symposium included the exchange
of scientific information and discussion of new results in the area of
theory and practice of automatic control of complex dynamical objects, ob-
tained in various countries during the period after the 6th IFAC Symposium,
which took place in August 1974 in Tsakhkadzor, USSR. At the symposium
reports were presented embracing a wide range of problems of the theory and
practice of space apparatus navigation and control, control of descent in-
to the atmosphere, optimization of control processes, design of robots and
manipulators, etc. The symposium materials are presented in four volumes.

In the fourth volume considerable space is given to material devoted to
problems of the construction of star sensors, optical sensors with screened

mass, digital systems for space telescope guidance and attack and side-
slipping angle sensors.
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Problems of the motion of locomotion robots and manipulators are considered,
Methods of synthesis of robot-exoskeleton control systems are given, and
semiautomatic manipulator control systems are considered, New material on

- the development of the French manipulator MA 23 is given, This manipulator
has several virtues and is undoubtedly of interest to specilalists working in
the area of locunotion engineering,

Preparation for publication of the Russian edition of the collected trans-
actions of the 7th International IFAC Symposium and translation of the re-

ports of foreign authors was done by members of the Institute of control
problems V.S, Kosikov, A,A. Kotenko, V.G. Khromov, V.M, Sukhanov, V.V, Churilova,
V.A, Putintsev, N,D. Litvinov, Ye. M. Firsova, V.M. Glumov and N,K. Ol'manskiy.

uDnc 629,78

lssledovaniye algoritmov upravleniya dvizheniyem avtonomnogo planetokhoda
metotom matematicheskogo modelirovaniya [Study of motion control algorithms
for an autonomous planet vehicle by the mathematical modelling method],
Valil'yev, V.F.; Gurvich, P.M,; Lupichev, L,N,; Shamanov, I,V, (USSR).
Datchiki 1 vspomogatel'nyye sistemy kosmicheskikh apparatov., Roboty 1
manipulyatory, Moscow, "Nauka" 1978,

For studying the algorithms for motion control of an autonomous planet ve-
hicle a complex mathematical model is proposed. A block diagram of such a
model and the basic principles of construction of the separate algrrithmg
comprising it are given. Some modelling results are presented, 7 1llus.,
3 ref.

UDC 629.78

Avtomaticheskoye upravleniye kompleksom dvizhushchikhsya planetokhodow
[Automatic control of a set of moving planet vehicles]. Benesh, I.; Kolar,
P, (Czechoslovakia). Datchiki i vspomogatel'nyye sistemy kosmicheskikh
apparatov. Roboty i manipulyatory., Moscow, "Nauka", 1978.

An autonomous set with several separate moving elements, planet vehicles,
intended for studying the surface of a planet is described., The planet
vehicles are connected by metal cables. The set is supposed to reach a
goal, i.e. a given region or place where some parameter of a physical field
attains an extremal value; in doing this it overcomes or skirts randomly
placed obstacles. The principle of hierarchic organization is not used in
controlling the set. The behavior of the set is studied as the behavior of
a special type of cellular automaton which uses a random search in its
algorithm of transitions. Results of computer experiments are given which
support the good capacity for work of the set. 10 111lus, 2 ref,.
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